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ABSTRACT 

Passively Q-switched and mode-locked fiber lasers based on saturable absorbers (SAs) 

provide an efficient and flexible platform for generating short and ultrashort optical 

pulses. These lasers offer important advantages, including high beam quality, compact 

and alignment-free configuration, low cost, and strong compatibility with all-fiber 

systems. However, many conventional SA materials still face limitations such as 

wavelength-restricted operation due to bandgap dependence, narrow lasing bandwidths, 

low optical damage thresholds, and weak nonlinear absorption. To address these issues, 

this study explores emerging materials, specifically transparent conducting oxides and 

MAX-phase compounds, as alternative SAs. Copper Aluminium Oxide (CuAlO₂) and 

Chromium Gallium Carbide (Cr₂GaC) are investigated as new SA candidates. Both 

materials are mixed with polyvinyl alcohol (PVA) to form thin-film SAs using a simple 

casting method. The films are placed between fiber ferrules and integrated into an 

erbium-doped fiber laser (EDFL) ring cavity to enable passive Q-switching and mode-

locking. Using the CuAlO₂ thin-film SA, stable Q-switched operation was achieved 

with pump powers from 132.15 mW to 210.62 mW. As the pump increased, the 

repetition rate rose from 66.09 kHz to 84.96 kHz, while the pulse width decreased from 

6.31 μs to 5.03 μs. The laser operated at 1563.3 nm, delivering a maximum pulse energy 

of 43.55 nJ and a slope efficiency of 1.95%. For mode-locking, a 100 m single-mode 

fiber (SMF) spool was added to lengthen the cavity and enhance nonlinear effects. Self-

starting mode-locking was obtained between 141.38 mW and 233.7 mW. At the 

threshold of 141.38 mW, pulses centered at 1560 nm were generated with a repetition 

rate of 1.792 MHz and a pulse duration of 3.17 ps. The Cr₂GaC thin-film SA also 

enabled both Q-switched and mode-locked operation. In the Q-switched regime, stable 

pulses were produced at 1530.6 nm with pump powers from 49.06 mW to 72.14 mW. 

The repetition rate reached 76.92 kHz, with a minimum pulse width of 5.03 μs and an 

SNR of 60.14 dB. For mode-locking using Cr₂GaC, soliton pulses centered at 1558.2 

nm were generated. With an additional 100 m of SMF, a long-cavity configuration 

produced a stable pulse train at 1.82 MHz, matching the calculated cavity length. Mode-

locking was sustained from 53.7 mW to 95.2 mW, yielding 3.04 ps pulses and a 

maximum pulse energy of 3.74 nJ. High stability was confirmed by an SNR of 71.7 dB. 

Furthermore, dark-pulse generation was demonstrated using the Cr₂GaC SA by 

extending the cavity with 150 m of SMF under net anomalous dispersion. A stable dark-

pulse train was obtained between 83.68 mW and 99.83 mW, operating at 1.27 MHz 

with pulse widths of about 300 ns and dual spectra at 1529.6 nm and 1531.6 nm. At 

99.83 mW, the average output power reached 4.56 mW with an SNR of 69.30 dB. These 

results confirm that CuAlO₂ and Cr₂GaC are effective SAs for both Q-switching and 

mode-locking in EDFLs, showing strong potential for applications in ultrafast lasers, 

nonlinear optics, and advanced photonic systems. 
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CHAPTER 1  

INTRODUCTION 

1.1 Research Background 

Fiber technology has evolved into a mature and highly influential industrial 

sector, driven largely by the rapid expansion of optical communication systems. As 

global demand for high-speed data transmission continues to rise, conventional non-

optical technologies can no longer meet performance requirements, making optical 

communication indispensable. The maturity of this technology has significantly 

reduced the cost of optical components, which in turn has accelerated progress in related 

fiber-optic applications, particularly fiber lasers that use rare-earth-doped fibers as the 

gain medium. Fiber lasers have attracted considerable attention due to their compact 

and alignment-free architecture, excellent beam quality, high efficiency, and cost-

effectiveness, outperforming many traditional bulk solid-state lasers ,(( N., & Al-

Samuraee, A.,2011). ,( Eskandarian, P., & Zabolian, H. , 2022). For applications such 

as material micro-processing, optical communications, biochemistry, and metrology, 

lasers are typically required to operate in a pulsed regime. Short, high-peak-power 

pulses can be generated through Q-switching, which produces microsecond-to-

nanosecond pulses, or through mode-locking, which enables ultrafast pulses in the 

picosecond-to-femtosecond range (Ahmad, & Elseman, 2026) 

Pulsed fiber lasers can be realized using either active or passive techniques. 

Active methods employ acousto-optic or electro-optic modulators to control pulse 

formation, offering precise tunability but at the cost of bulky, complex, and expensive 

components. In contrast, passive techniques rely on saturable absorbers (SAs), which 

provide simpler, more compact, and self-starting laser systems, benefiting from low 

saturation intensity and fast recovery time ., (Kamangar, S., & Harun, S. W. 

,2025)Among various SAs, semiconductor saturable absorber mirrors (SESAMs) are 

widely used due to their reliability; however, they suffer from limited operating 

bandwidth and high fabrication cost (Ahmad, &, Mokhtar, 2025).  

These limitations have driven strong interest in alternative materials, especially 

two-dimensional (2D) materials such as graphene (Ahmad, A. D., Mokhtar, 2024) black 

phosphorus (BP) (Ahmad, &, Salam 2024), topological insulators (TIs) ., (Kamangar, 
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S., & Harun, S. W. ,2025)such as Bi2Te3, Sb2Te3, Bi2Se3, and transition metal 

dichalcogenides (TMDs) (Ahmad, A. D., Salam, 2014), (Rusni, N., & Samion, M. , 

2025) including MoS2, ZrSe2, ReS2, NbTe2, MoWS2, and SnS2. These materials 

exhibit ultrafast carrier dynamics, strong optical nonlinearity, and broad absorption 

bandwidth, making them attractive for pulsed laser generation (Ahmad, A. D., Mokhtar, 

2024). Despite its broadband operation and ultrafast recovery, graphene suffers from 

low modulation depth and zero bandgap. Other 2D materials such as BP, TIs, and TMDs 

have demonstrated impressive pulsed-laser performance; for example, NbTe₂ enabled 

vector soliton generation ( Aidit, S. N., & Ismail, M. F. , 2018), while SnS₂ produced 

623 fs pulses at 29.33 MHz Manaf, M., & Arof, H. (2015). However, many of these 

materials possess relatively low optical damage thresholds, limiting their long-term 

laser performance. Consequently, the search for new, robust SA materials remains an 

active research direction. 

In contrast to previous saturable absorber, CuAlO₂, a stable delafossite oxide, 

and Cr₂GaC, a mechanically strong MAX-phase material, exhibit better resistance to 

heat accumulation and optical stress, making them promising candidates for more 

durable and stable long-term pulsed laser operation. Many conventional nanomaterial-

based saturable absorbers can degrade under prolonged high-intensity laser exposure, 

leading to oxidation, structural defects, increased insertion loss, or unstable pulse 

generation. These restrictions could lower laser performance and reliability over time. 

On the other hand, CuAlO₂, a stable delafossite oxide, and Cr₂GaC, a mechanically 

robust MAX-phase material, have superior resistance to heat accumulation and optical 

stress, which makes them viable options for more stable and long-term pulsed laser 

operation as CuAlO₂ and Cr₂GaC  offer higher optical damage thresholds due to their 

superior thermal stability, stronger chemical durability, and robust crystal structures. 

Recently, the development of efficient and low-cost absorber materials has also 

attracted attention in renewable-energy and photonic technologies. Metal-oxide-based 

composites are particularly promising due to their excellent thermal stability, chemical 

durability, and tunable optical properties (Ahmad, H., & Harun, S. W, 2016),

 (Ahmed, M. H. M., Latiff, , 2016). Among them, aluminium–copper oxide composites 

have shown strong potential for solar thermal collectors, photothermal devices, and 

energy conversion systems ., (Arof, H., & Harun, S. W., 2016). Aluminium offers 

lightweight structure and high thermal conductivity, while copper oxide, a p-type 

semiconductor with a narrow bandgap, exhibits strong absorption in the visible and 
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near-infrared regions (Diblawe, A. M., & Harun, S. W., 2025).  Their combination can 

form nanostructured or multilayer absorbers with enhanced optical absorption, heat 

transfer, and mechanical stability (Yasin, M., Harun, 2025),(Aljunid, & Ghafar,2024). 

Copper aluminium oxide (CuAlO₂)-based absorbers have been synthesized using 

techniques such as chemical vapor deposition(Alrebdi, & Sadiq.2025) sputtering, sol-

gel processing (Apandi, & Ahmad, ,2017, and thermal oxidation (Barmenkov, & 

Kir’yanov,2014), with their properties tunable through control of thickness, 

composition, and morphology (Olsson,., & Simpson, J. R. ,1999), (Rosaiah, P., & Jeon, 

C.-W. ,2023). 

In parallel, MAX phase materials have emerged as attractive alternatives for 

photonic applications. Unlike MXenes, which require costly and hazardous etching 

processes, MAX phases are easier and cheaper to fabricate. They exhibit a unique 

combination of ceramic and metallic properties, including oxidation resistance, 

radiation tolerance, high-temperature stability, excellent electrical conductivity, good 

nonlinear saturation, high damage tolerance, and strong thermal shock resistance (K.-

H., & Hsieh, W.-F. ,2014), (Chen, & Yin,2017),(Chen, & Cheak, 2024),(

 Czyzyk,2018), (Dacey, G. ,1962). . These features make MAX phases promising 

candidates for saturable absorber applications. Among them, Chromium Gallium 

Carbide (Cr₂GaC) stands out due to its good oxidation resistance and mechanical 

robustness (Apsari, R., & Harun, S. W., 2023).  

In this work, two novel materials—Copper Aluminium Oxide (CuAlO₂) and 

Chromium Gallium Carbide (Cr₂GaC)—are investigated as potential saturable 

absorbers for Q-switched and mode-locked fiber lasers. Both materials are mixed with 

polyvinyl alcohol (PVA) to form thin-film SAs using a simple casting technique. The 

films are then inserted between fiber ferrules and integrated into an erbium-doped fiber 

laser (EDFL) ring cavity to function as passive Q-switchers and mode-lockers for 

pulsed laser generation. 

1.2 Problem Statement 

Owing to their high stability, reliability, and compact size together with their 

wide-ranging applications in optical communication, nonlinear optics, biomedicine, and 

defense technologies, fiber lasers have attracted considerable research interest (Dong, 

L., & Samson, B, 2016), (Zhao, C., & Zhong, J ,2020).  
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Achieving high-quality pulse generation in fiber lasers requires careful 

optimization at multiple levels (Moussa, M. E., & Harun, S. W. , 2026). In this work, 

pulse generation is realized using a passive approach for both Q-switching and mode-

locking, due to its simplicity, robustness, and cost effectiveness compared with active 

techniques, which rely on additional electronic components and are therefore more 

complex and expensive. Generation through passive done by using saturable absorber, 

SA as loss modulator. 

In passive pulsed lasers, the key element responsible for pulse formation is the 

SA. Numerous materials have been proposed and demonstrated as SAs, as discussed in 

the previous section. However, many of these materials suffer from inherent limitations. 

For instance, SESAMs, although widely studied, are restricted by narrow operating 

bandwidth and high fabrication cost (Feng, M., Silverman, 2010), (. Fu, & Hua,2014). 

Other candidates, such as two-dimensional materials including graphene [32, 33], BP ( 

Hamida, B. A., & Harun, S. W. W. , 2024)), (Hammadi, &  Mansour,2018) TIs (Haris, 

& Arof, 2018) and TMDs (Ahmad, &, Salam 2024), have also been reported to exhibit 

drawbacks such as low modulation depth and poor thermal stability (Feng, & 

Silverman, 2010 ), (Haris, &  Batumalay,2019). These limitations highlight the need to 

explore and develop new materials for use as SAs. A saturable absorber is a material 

whose optical absorption decreases with increasing incident light intensity. To function 

effectively, it must exhibit a fast and reversible change in absorption in response to 

intensity variations. This fundamental requirement must be carefully evaluated when 

investigating new materials for SA applications. 

Recently, transparent conducting oxides (TCOs) have attracted growing 

attention because of their wide range of potential applications. These materials combine 

electrical conductivity with relatively low absorption of electromagnetic radiation in the 

visible region. Commonly fabricated using thin-film technologies, TCOs are widely 

used in optoelectronic devices such as optoelectronic interfaces, solar cells, light-

emitting diodes, displays, and semiconductor lasers (37. Hasegawa, A., & Tappert, F., 

1973). Among them, copper-based delafossite oxides are especially promising as p-type 

TCOs, which are essential for the development of transparent semiconductor 

technologies. The reported bandgap of CuAlO₂ spans a wide range, from about 1.9 eV 

to 13 eV. In earlier work, Salah et al. investigated the low-energy electronic structure 

of copper aluminum oxide (CuAlO₂) using angle-resolved photoemission spectroscopy 
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(Hecht, J., 2010). However, to date, there have been no reports on the application of 

CuAlO₂ in fiber laser systems. 

In parallel, MXene-based heterostructures have been actively studied to improve 

mode-locking performance. For instance, Liu et al. employed a Ti₃C₂Tₓ/graphene 

vertical heterostructure with a modulation depth of up to 28%, enabling stable mode-

locked operation with pulse durations as short as 356 fs at 1559.16 nm [39]. More 

recently, MAX phases, which are precursors to MXenes, have attracted increasing 

interest as optical transducers (Chen, & Tsai, 2014). These materials follow the general 

formula Mₙ₊₁AXₙ (n = 1–3), where M denotes a transition metal (e.g., Cr, Nb, Ti), X 

represents carbon and/or nitrogen, and A is an element from groups 13–16 (e.g., Sn, Si, 

Ga) [40]. MAX phases possess a unique layered atomic structure that gives them a 

combination of metallic and ceramic characteristics. They exhibit excellent thermal 

stability and oxidation resistance typical of ceramics, while retaining high electrical and 

thermal conductivity characteristic of metals. 

 

Together, these developments open a promising pathway to explore the largely 

untapped potential of CuAlO₂ and the Cr₂GaC MAX phase for applications in nonlinear 

optics and advanced laser technologies. 

1.3 Research Objectives 

The primary objective of this work is to fabricate novel saturable absorber (SA) 

devices based on transparent conducting oxides (TCOs) and MAX-phase materials for 

improving Q-switched and mode-locked operation in an erbium-doped fiber laser 

(EDFL) cavity. The achievement of this research will be evaluated through three main 

objectives, as outlined below: 

a) To fabricate CuAlO₂ and Cr₂GaC thin-film saturable absorbers using the 

solution casting technique with polyvinyl alcohol (PVA) as the host polymer. 

b) To characterize the optical and physical properties of the fabricated SAs using 

field-emission scanning electron microscopy (FESEM), energy-dispersive X-

ray spectroscopy (EDX) and the balanced twin-detector technique. 

c) To evaluate the performance of the fabricated SA films by demonstrating Q-

switched and mode-locked pulse generation in an erbium-doped fiber laser 

(EDFL) cavity. 
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1.4 Research Questions 

The above objectives were formulated based on the following research questions:  

i) Can CuAlO₂ and Cr₂GaC be successfully fabricated into uniform, flexible thin-

film SAs using the solution casting method with polyvinyl alcohol (PVA) as the 

host polymer? 

ii) What are the surface morphology and elemental composition of the fabricated 

CuAlO₂ and Cr₂GaC thin-film saturable absorbers as revealed by FESEM and 

EDX analysis? 

iii) What are linear transmission spectrum and nonlinear optical absorption 

characteristics of the fabricated saturable absorbers in the 1.55 µm region, as 

determined using linear transmission and the balanced twin-detector technique? 

iv) Are the fabricated CuAlO₂ and Cr₂GaC thin-film saturable absorbers capable of 

enabling stable Q-switched and mode-locked pulse generation in an erbium-

doped fiber laser cavity? 

v) How do the key laser performance parameters such as pulse width, repetition 

rate, pulse energy, average output power, operating wavelength, and signal-to-

noise ratio depend on the type of saturable absorber used? 

vi) To what extent do CuAlO₂ and Cr₂GaC differ in their effectiveness as Q-

switchers and mode-lockers in terms of stability, efficiency, and pulse quality in 

the EDFL system by results parameter acquire? 

1.5 Scope of Study 

This study is dedicated to demonstrating Q-switched and mode-locked pulse 

generation in an EDFL using CuAlO₂- and Cr₂GaC-based SAs. The work is 

systematically carried out in three main phases: fabrication of SA devices, 

characterization of the fabricated SAs, and laser operation experiments. Each phase 

serves a distinct purpose and contributes directly to fulfilling the overall research 

objectives, with the analysis and results in each stage providing clear evidence of the 

outcomes.  

In the first phase, the SA devices are fabricated using a solution-casting method. 

The active materials are dispersed in a polymer host to form a homogeneous solution, 

which is then cast and dried to produce thin-film SAs. This approach enables simple, 
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low-cost, and reproducible fabrication of flexible SA films that can be easily integrated 

into fiber laser cavities. The successful formation of uniform thin films marks the 

foundation for subsequent characterization and laser experiments.  

The second phase focuses on comprehensive physical and optical 

characterization of the fabricated SAs. Physical characterization is performed using 

field-emission scanning electron microscopy (FESEM) and energy-dispersive X-ray 

(EDX) spectroscopy. FESEM analysis provides detailed information on surface 

morphology, particle distribution, and film uniformity, while EDX reveals the 

elemental composition and confirms the presence of the intended materials. Optical 

characterization is conducted in the 1.55 µm region, which is relevant to EDFL 

operation. Linear absorption spectra are measured using a white light source combined 

with an optical spectrum analyzer (OSA), allowing evaluation of broadband absorption 

behavior. Nonlinear absorption characteristics, which are critical for saturable 

absorption, are determined using the balanced twin-detector technique to extract key 

parameters such as modulation depth, saturation intensity, and non-saturable loss.  

In the final phase, the prepared SA films are incorporated into a ring-configured 

EDFL cavity to investigate their effectiveness in generating pulsed laser operation 

through Q-switching and mode-locking. The laser performance is systematically 

evaluated by measuring key parameters, including pulse duration, repetition rate, pulse 

energy, average output power, operating wavelength, and radio-frequency (RF) signal-

to-noise ratio (SNR). These measurements provide a comprehensive assessment of 

pulse stability and quality. The results from this stage are analyzed and discussed in 

detail to verify that the fabricated SAs successfully enable stable Q-switched and mode-

locked operation, thereby validating the effectiveness of CuAlO₂ and Cr₂GaC as 

functional saturable absorbers for ultrafast fiber laser applications. 

 

1.6 Significance of Study 

 Although pulsed fiber lasers have been widely developed and investigated, their 

high cost and complex fabrication processes continue to limit large-scale application 

and widespread adoption. The use of passive Q-switching and mode-locking in EDFL 

cavities offers clear advantages for facilitating the industrialization and 

commercialization of pulsed fiber laser systems due to their lower cost, simpler design, 

and higher operational stability. This research therefore seeks to develop alternative 
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pulse-generation approaches by introducing new SAs based on CuAlO₂ and Cr₂GaC 

thin films. These SA devices offer advantages in terms of simple fabrication, 

mechanical robustness, and operational stability, making them promising candidates for 

a wide range of practical applications. In addition, this work aims to enhance pulsed 

laser performance, particularly in terms of pulse duration, repetition rate, efficiency, 

single-pulse energy, and overall stability. The market potential for passively Q-switched 

and mode-locked fiber lasers is substantial, especially in applications such as material 

processing, remote sensing, sensing technologies, and medical diagnostics. 

This study is motivated by the extensive recent research on various advanced 

materials, including graphene, black phosphorus, topological insulators, transition 

metal oxides (TMOs), and TMDs. Although these materials have demonstrated 

excellent optical properties—such as broadband linear absorption, ultrafast recovery 

time, and strong optical nonlinearity—further development is still required to achieve 

consistently high performance and superior pulse quality in Q-switched and mode-

locked fiber lasers using alternative novel materials. The investigation of CuAlO₂ and 

Cr₂GaC thin-film SAs is therefore expected to improve laser performance while 

providing deeper insight into the optical behavior of passive Q-switchers and mode-

lockers. Moreover, this work aims to contribute positively to future research by 

enhancing understanding of material selection and guiding the development of high-

potential saturable absorbers for pulsed laser applications. 

 

1.7 Thesis outline 

This thesis is devoted to the development of Q-switched and mode-locked fiber 

laser systems operating in the 1.5 µm wavelength region using two novel SA materials, 

namely CuAlO₂ and Cr₂GaC. These materials are investigated for their potential to 

enable stable and efficient pulsed laser operation with improved performance 

characteristics. The overall structure of the thesis is organized into six chapters, each 

addressing a specific aspect of the research. The present chapter serves as the 

introductory chapter. It provides a comprehensive overview of the research background 

and highlights the motivation for pursuing this study. The problem statement is clearly 

defined to identify existing limitations and research gaps in pulsed fiber laser 

development. The chapter also presents the research objectives and corresponding 

research questions that guide the direction of the study. In addition, the scope of the 
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research is outlined to clarify the boundaries of the investigation, while the significance 

of the study is discussed in terms of its academic, technological, and practical 

contributions. Finally, this chapter concludes with an overview of the thesis structure, 

offering readers a clear roadmap of how the subsequent chapters are organized and how 

they collectively address the aims of the research. 

Chapter 2 presents a comprehensive review of the existing literature, covering 

the fundamental theory of optical fibers, the role of erbium-doped fiber as a gain 

medium, and the basic operating principles of fiber lasers. It further discusses the 

mechanisms underlying passive Q-switching and mode-locking, as well as important 

performance parameters of pulsed lasers and pulse propagation in optical fibers. In 

addition, this chapter surveys various materials that have previously been used as 

saturable absorbers. The chapter concludes with an introduction to the CuAlO₂ and 

Cr₂GaC materials, highlighting their properties and relevance to this study. 

Chapter 3 describes in detail the research methodology adopted in this work. It 

explains the fabrication process of CuAlO₂ and Cr₂GaC thin-film SAs using PVA as the 

host polymer. The procedure involves dispersing the powdered active materials into a 

PVA solution to form a homogeneous mixture, which is then cast and dried to produce 

flexible thin films. The fabrication steps, materials preparation, and handling processes 

are systematically presented to ensure reproducibility. This chapter also focuses on the 

characterization of the fabricated SAs. It discusses the techniques used to evaluate both 

the physical and optical properties of the SAs, with particular emphasis on linear and 

nonlinear absorption behavior. Methods for measuring linear absorption using 

broadband light sources and optical spectrum analysis, as well as nonlinear absorption 

using the balanced twin-detector technique, are described in detail. The chapter further 

outlines the use of FESEM and EDX for investigating surface morphology and 

elemental composition. Finally, the chapter introduces the experimental setup of the 

erbium-doped fiber laser system used to demonstrate Q-switched and mode-locked 

operation. The laser cavity configuration, key optical components, and measurement 

instruments are described, providing a complete overview of the experimental 

arrangement for pulse generation and performance evaluation. 

The results of this study are comprehensively presented and discussed in 

Chapters 4 and 5. Chapter 4 presents the experimental demonstration of CuAlO₂ as an 

effective SA for both Q-switched and ultrafast mode-locked pulse generation in an 

EDFL system. The SA was inserted into two different laser configurations designed for 



10 

pulsed operation. In the Q-switched configuration, stable pulse generation was obtained 

through modulation of intracavity loss and gain, with pump power varied from 132.15 

mW to 210.62 mW. For mode-locked operation, a 100 m single-mode fiber spool was 

added to extend the cavity length and enhance nonlinear effects, enabling self-starting 

mode-locking over a pump power range of 141.38 mW to 233.7 mW. The results 

obtained confirm that CuAlO₂ is a viable and effective pulse transducer for Q-switched 

and mode-locked fiber laser applications. 

Chapter 5 presents the demonstration of Q-switched and mode-locked pulse 

generation in EDFL cavities using a Cr₂GaC-based SA. In the Q-switched regime, stable 

pulsed operation was obtained at a central wavelength of 1530.6 nm with pump powers 

ranging from 49.06 to 72.14 mW. For mode-locked operation, bright soliton pulses 

centered at 1558.2 nm were generated using the same Cr₂GaC thin-film SA. By 

extending the EDFL cavity with an additional 100 m of single-mode fiber (SMF), a 

long-cavity configuration was achieved, producing a stable soliton pulse train at a 

repetition rate of 1.82 MHz, in close agreement with the calculated cavity length. In 

addition, dark-pulse generation was successfully realized in a mode-locked EDFL 

incorporating the Cr₂GaC SA under net anomalous dispersion by further extending the 

cavity length with 150 m of SMF. The formation of dark pulses was attributed to the 

combined effects of anomalous dispersion and strong intracavity nonlinearities. The 

results establish Cr₂GaC as a highly promising and versatile SA capable of supporting 

Q-switched, bright-soliton, and dark-pulse regimes, with strong potential for 

applications in ultrafast optics, optical communications, biomedical diagnostics, and 

advanced material processing. 

Chapter 6 concludes the thesis by summarizing the key findings obtained 

throughout this study and highlighting their scientific and technological significance. 

The main outcomes related to the fabrication, characterization, and application of 

CuAlO₂ and Cr₂GaC SAs in Q-switched and mode-locked EDFLs are revisited and 

synthesized to demonstrate how the research objectives have been successfully 

achieved. In addition, this chapter discusses few recommendations for future work, with 

emphasis on improving the temporal characteristics of pulsed fiber lasers. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

 Laser is an acronym for “Light Amplification by Stimulated Emission of 

Radiation”, referring to a process in which light is amplified through stimulated emission 

after initial photons are generated. The first practical laser was demonstrated in 1960 by 

Theodore H. Maiman at Hughes Research Laboratories using a ruby crystal as the gain 

medium. Unlike conventional light sources, laser light possesses several unique 

properties, including high directionality, coherence, and monochromaticity [Abbas & 

Shehab ,2011]. Because of these characteristics, lasers are not typically used for general 

lighting such as streetlamps, household bulbs, flashlights, or vehicle headlights. As noted 

by Singh, lasers exhibit a much narrower frequency distribution, significantly higher 

intensity, and the ability to produce extremely short pulses compared to ordinary light 

sources [ Abbasi,& Ghorashi ,2022]. Owing to these exceptional features, lasers are 

widely applied in barcode scanners, compact disc players, medical instruments such as 

surgical scalpels, and in industrial cutting and welding systems. 

The conceptual foundation of the laser dates back to 1953, when Charles Townes 

developed the maser (microwave amplification by stimulated emission of radiation) 

based on Albert Einstein’s theory of stimulated emission. The maser functioned as a 

microwave amplifier but was initially unable to provide continuous output. Over time, 

improvements in maser technology led to a wide range of applications, including its use 

as a low-noise oscillator in radio astronomy and communication systems [Ahmad,& 

Elseman ,2026 ]. In 1958, Townes and Arthur Schawlow extended the maser concept to 

optical frequencies by proposing the use of an optical resonator consisting of mirrors 

surrounding an optical gain medium to enhance light amplification. Their pioneering 

theoretical work later earned them a Nobel Prize. This idea was experimentally realized 

in 1960 when Maiman built the first laser using a ruby crystal and a flashlamp as the 

pumping source [Ahmad, &, Mokhtar 2025]. Shortly thereafter, A. Javan, W. Bennet, 

and D. Harriott at Bell Laboratories developed the first gas laser using a helium–neon 

mixture. In the same period, L. F. Johnson and K. Nassau introduced the first 

neodymium-based laser, which became well known for its robustness and reliability. In 
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1962, Robert N. Hall developed the first laser diode, emitting near-infrared radiation at 

around 850 nm. In the same year, Nick Holonyak demonstrated the first visible 

semiconductor laser (Ahmad, &, Mokhtar, 2025). 

Further advances rapidly followed. Optical resonators were demonstrated by 

Krupke and Sooy in 1969, while Q-switching techniques were first achieved by McClung 

and Hellwarth in 1962 and later theoretically explained by Wagner and Lengyel (Ahmad, 

&, Mokhtar, 2025). The first mode-locked laser was realized in 1964 by Hargrove, Fork, 

and Pollack (Ahmad, &, Mokhtar, 2025). Since then, intensive research has focused on 

improving laser cavity designs, operational stability, efficiency, and reliability, leading 

to the diverse laser technologies used today. 

Building on this historical and scientific foundation, the present study explores 

the potential of CuAlO₂ and Cr₂GaC as saturable absorbers (SAs) for achieving Q-

switched and mode-locked operation in erbium-doped fiber lasers (EDFLs).  

This chapter provides a comprehensive literature review relevant to the thesis. It 

begins with an overview of the basic principles of optical fibers and erbium-doped fiber 

lasers. The fundamental mechanisms of Q-switching and mode-locking for pulsed laser 

generation are then discussed, with special emphasis on the critical role of saturable 

absorbers within the laser cavity. Key pulse parameters used to evaluate pulsed laser 

performance are subsequently introduced. Finally, this chapter reviews commonly used 

SA materials, discussing their reported experimental performances as well as their 

limitations, thereby establishing the motivation for investigating CuAlO₂ and Cr₂GaC as 

alternative SA materials. 

 

2.2 Optical Fiber 

An optical fiber is defined as a transparent, thin, and flexible strand of glass or 

plastic capable of transmitting light over long distances. It forms the backbone of local, 

regional, national, and international communication networks and has revolutionized 

telecommunications by enabling high-speed and high-capacity data transmission. 

Structurally, an optical fiber has a cylindrical geometry consisting of a central core 

surrounded by a transparent cladding layer with a lower refractive index. The difference 

in refractive indices between the core and cladding enables total internal reflection 

(TIR), which confines light within the core and minimizes signal loss during 

propagation. 
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Outside the cladding, an additional protective layer known as the buffer coating 

is applied. This layer is typically made of polymer materials and serves to protect the 

fiber from moisture, mechanical stress, and physical damage. Figure 2.1 illustrates the 

basic structure of an optical fiber, where the core has a refractive index 𝑛1and the 

surrounding cladding has a lower refractive index 𝑛2. For efficient light guidance, 

𝑛1must be greater than 𝑛2, ensuring that light remains confined within the core. 

Total internal reflection is the fundamental mechanism that governs light 

propagation in optical fibers. When light traveling in a medium with higher refractive 

index reaches the boundary with a lower-index medium at an angle greater than the 

critical angle, it is completely reflected back into the higher-index medium. This 

repeated internal reflection allows light to be guided along the length of the fiber with 

minimal attenuation, enabling reliable long-distance optical communication. 

 

 

Figure 2.1 The Structure of An Optical Fiber (Ahmad, &, Mokhtar, 2025). 

 

2.3 Fiber laser 

A fiber laser is a type of laser in which the gain medium is an optical fiber doped 

with rare-earth elements such as erbium (Er), ytterbium (Yb), neodymium (Nd), or 

thulium (Tm). Unlike conventional bulk lasers that rely on solid crystals or gases, fiber 

lasers use a long, thin, and flexible optical fiber to generate and amplify light. In 

operation, pump light from a laser diode is coupled into the doped fiber, exciting the 

rare-earth ions. As these ions return to lower energy states, they emit light at 

characteristic wavelengths. This light is amplified as it propagates back and forth within 

the fiber between reflectors—such as fiber Bragg gratings or other cavity components—
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forming a laser resonator. Because the light is guided within the fiber core, it remains 

tightly confined, resulting in high efficiency and excellent beam quality. 

Fiber lasers were developed as an alternative to conventional bulk solid-state 

lasers, which often suffer from bulky configurations, sensitivity to misalignment, and 

high maintenance requirements. In contrast, fiber lasers are compact, robust, and 

alignment-free. They also offer a broad operational wavelength range, typically from 1 

to 2 µm. Among the various types, erbium-doped fiber lasers (EDFLs) are the most 

widely studied, particularly for emission around 1.55 µm, which lies in the low-loss 

window of silica fibers and is ideal for telecommunication applications. 

Overall, fiber lasers provide numerous advantages, including compact size, high 

electrical-to-optical efficiency, excellent thermal management, and low maintenance. 

They can operate in continuous-wave or pulsed regimes, such as Q-switching and mode-

locking, and are extensively used in telecommunications, material processing, medical 

technology, sensing, and scientific research. 

 

2.4 Erbium-doped Fiber laser 

In this thesis, fibre-laser development is centred on operation in the 1.5-µm 

wavelength region, which is the characteristic emission band of erbium ions (Er³⁺). 

Erbium is employed as the active dopant in the gain medium, while silicate glass is used 

as the host material for the erbium-doped fibre (EDF). A 980-nm laser diode is selected 

as the pumping source due to its high pumping efficiency compared with other available 

pump wavelengths. The use of a 980-nm pump enables lower electrical power 

consumption and reduces excess heat generation inside the fibre, which in turn 

minimizes thermal loading and may eliminate the need for complex cooling systems. In 

addition, weaker thermal effects contribute to improved beam quality and enhanced 

laser stability (Ahmad, A. D., Mokhtar 2024). 

The operating principle of the erbium-doped fibre laser (EDFL) can be described 

using the energy-level diagram of Er³⁺ ions, as illustrated in Figure 2.2 (Ahmad, &, 

Salam 2024). The energy manifolds E1, E2, and E3 correspond to the ground state, the 

metastable state, and the excited state, respectively. When the EDF is pumped with a 

980-nm laser diode, Er³⁺ ions are excited from the ground state (E1) to a higher-energy 

excited state (E3), which has a relatively short lifetime. These ions then relax non-

radiatively to the intermediate metastable level (E2) by releasing energy in the form of 
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phonons associated with lattice vibrations. The metastable level has a long lifetime of 

approximately 10 ms, allowing a large number of Er³⁺ ions to accumulate at this level. 

This accumulation leads to population inversion between the metastable state (E2) and 

the ground state (E1), which is a necessary condition for laser action. 

 

 

Figure 2.2 Energy-Level Diagram of Erbium Ions Illustrating The Pumping Process 

And Stimulated Emission Mechanism (Ahmad, &, Salam 2024). 

 

Once population inversion is established, some Er³⁺ ions spontaneously decay 

from E2 to E1, emitting photons with wavelengths in the 1525–1565 nm range through 

spontaneous emission. If optical energy already exists within this wavelength band—

such as a signal propagating through the EDF—this incoming light can trigger further 

transitions from E2 to E1. This process, known as stimulated emission, produces 

additional photons that are identical in phase, direction, and wavelength to the 

stimulating photons, thereby amplifying the signal. When both the pump wavelength 

and a signal wavelength propagate simultaneously through the EDF, energy is 

transferred from the pump to the signal through the erbium ions, resulting in optical 

gain. 

In a laser cavity, the amplified spontaneous emission (ASE) generated in the 

EDF is repeatedly reflected by feedback elements, forcing the light to oscillate within 

the cavity. Through this feedback and amplification process, coherent laser radiation is 

produced, typically around the 1550-nm wavelength region. 

Erbium-doped fibres are essential components in fibre-optic technology and 

form the core of erbium-doped fibre amplifiers (EDFAs), which are widely used in 
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long-haul optical communication systems. When pumped by 980-nm or 1480-nm laser 

diodes, EDFAs provide optical amplification through stimulated emission. By 

incorporating suitable feedback elements into an EDFA configuration, the system can 

be converted into a laser source, known as an EDFL, capable of generating laser output 

in the 1.55-µm wavelength region. EDFLs offer numerous advantages, including wide 

wavelength tunability, compact and alignment-free structure, excellent beam quality, 

and relatively low cost, making them attractive for applications in communications, 

sensing, and photonics research. 

 

2.5 Pulse Generation in Fiber laser 

Standard fibre-laser operation can be broadly classified into two main regimes: 

continuous-wave (CW) and pulsed operation. In CW operation, the laser emits a 

constant and uninterrupted output power over time, producing a steady optical beam. In 

contrast, pulsed lasers deliver energy in the form of discrete bursts of light, where each 

pulse has a much higher peak power than a CW beam but is emitted at a lower average 

frequency. Pulsed laser operation is particularly important for applications that require 

high peak power, precise energy delivery, or time-resolved measurements. Pulsed fibre 

lasers can be generated using two principal techniques: Q-switching and mode-locking. 

In both cases, the laser emits a train of pulses with specific pulse widths and repetition 

rates. Pulses can be generated either actively, using external modulators such as electro-

optic or acousto-optic devices, or passively, by inserting a saturable absorber (SA) into 

the cavity. Passive pulse generation is often preferred because it eliminates the need for 

bulky and expensive external modulators, resulting in a simpler, more compact, and 

more stable laser system. 

Q-switching is a technique in which the quality factor (Q) of the laser resonator 

is periodically varied by modulating the intracavity losses. When the cavity is kept in a 

low-Q (high-loss) state, energy from the gain medium is stored. Once the cavity is 

rapidly switched to a high-Q (low-loss) state, the stored energy is released in the form 

of a short and intense pulse. This process significantly enhances the pulse energy and 

peak power compared to CW operation. Typically, Q-switched lasers generate pulses 

with repetition rates in the kilohertz range and pulse durations in the nanosecond to 

microsecond regime. Although Q-switching was first demonstrated in solid-state lasers, 

it has since been successfully implemented in fibre lasers. Q-switched fibre lasers are 
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widely used in applications such as second-harmonic generation, optical time-domain 

reflectometry (OTDR), laser ranging and radar systems, material processing, and 

various industrial and scientific applications. 

In a fibre-laser cavity, many longitudinal modes are supported by the resonator. 

In CW operation, these modes oscillate independently with random and uncorrelated 

phases, and there is no fixed phase relationship between them. The total electromagnetic 

field at any point in the cavity is simply the vector sum of all these modes. However, if 

appropriate mechanisms are introduced into the cavity to enforce a fixed phase 

relationship among the longitudinal modes, the modes can interfere constructively at 

regular intervals. This interference leads to periodic intensity modulation and results in 

a train of short optical pulses at the laser output. This process is known as mode-locking. 

Mode-locking is an optical technique that forces the longitudinal modes of the 

laser cavity to oscillate with a constant phase difference. Through this phase 

synchronization, the laser can produce ultrashort pulses, typically in the picosecond or 

femtosecond range, although nanosecond pulses can also be obtained in some 

configurations. Mode-locked fibre lasers are of great interest because of their extremely 

short pulse duration and high peak power, making them suitable for applications in 

nonlinear optics, terahertz generation, precision micromachining, biomedical imaging, 

and ultrafast spectroscopy. 

The interaction between laser pulses of different temporal regimes and materials 

is illustrated in Figure 2.3, which compares laser–material interactions for short-pulse 

(Q-switched) lasers and ultrashort-pulse (picosecond/femtosecond) lasers. For short-

pulse lasers operating in the microsecond to nanosecond range, the ablation mechanism 

is mainly governed by thermal processes. In this regime, there is sufficient time for heat 

to diffuse into the metal or semiconductor target, leading to the formation of a relatively 

thick molten layer. As shown in Figure 2.3 (a), material removal occurs in both vapour 

and liquid phases: surface vaporization generates a strong recoil pressure that expels the 

underlying molten material. 

In contrast, in the ultrashort-pulse regime (Figure 2.3(b)), energy is deposited 

into the material on an extremely short timescale. The energy is delivered faster than 

thermal diffusion can occur, preventing continuous evaporation during the pulse. As a 

result, very high temperatures and pressures rapidly build up beneath the surface. Much 

of the energy dissipation and material ejection takes place after the laser pulse has 

ended, through complex non-equilibrium processes that are still not fully understood. 
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Ultrafast pulses in the picosecond and femtosecond range therefore produce the smallest 

heat-affected zone (HAZ), and in some cases no observable HAZ at all, because heat 

has insufficient time to spread into the surrounding material. This leads to minimal 

thermal damage, clean and smooth ablation features, and superior processing quality. 

The interaction between laser pulses of different temporal regimes and materials 

is illustrated in Figure 2.3, which compares short pulse (Q-switched laser), and 

ultrashort pulses (picosecond/femtosecond laser) laser-material interactions. The laser 

ablation mechanism of short pulse duration lasers in the microsecond to nanosecond 

range is dominated by thermal effects. There is sufficient time for heat to propagate into 

the semiconductor or metal target and to subsequently create a relatively large molten 

layer. As depicted in Fig. 2.3, the target material is removed both in vapor and liquid 

phases, since the vaporization process creates a recoil pressure that expels the molten 

liquid. In the ultrashort pulse duration regime, the rate of energy deposition is so rapid 

that the material cannot evaporate continuously, and extremely high temperature and 

pressure are built up beneath the evaporating surface. The dissipation of the absorbed 

energy in bulk material and the corresponding material removal take place mostly after 

pulse duration, which remains poorly understood. It shows that ultrafast pulses in the 

picosecond or femtosecond regime produce the smallest heat heat-affected zone (HAZ), 

or even no observable HAZ, because the material is removed so rapidly that heat does 

not have time to diffuse into the surrounding region. This results in clean, smooth 

features and superior processing quality  

 

 

Figure 2.3 Illustration Of Material Removal Mechanisms: (A) Melt Ejection And 

Vaporization Under Short-Pulse Laser Irradiation; (B) Phase Explosion 

Induced By Ultrashort-Pulse Laser Irradiation (Ahmad, H., Rusni, 2024). 
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Due to their extremely short pulse duration and high repetition rates, ultrashort 

pulsed lasers enable high-precision micromachining with excellent spatial resolution, 

minimal thermal damage, and high processing speed. These advantages make ultrafast 

fibre lasers particularly attractive for advanced manufacturing, microelectronics 

fabrication, biomedical device processing, and other applications requiring high 

accuracy and minimal material damage. 

 

2.5.1 Q-switching 

Q-switching is a technique used to generate short and intense laser pulses by 

controlling the losses in the optical resonator, or equivalently, by varying the quality 

factor (Q-factor) of the laser cavity. The Q-factor is defined as 

Q=
2πnL

λα
                                                                     (2.1) 

 

where 𝑛 is the refractive index of the medium, 𝐿 is the cavity length, 𝜆 is the operating 

wavelength, and 𝛼 represents the one-way loss of the resonator. From this expression, 

it is clear that the Q-factor is inversely proportional to the cavity loss. Hence, by 

adjusting the loss inside the resonator, the Q-factor can be controlled: lower cavity loss 

corresponds to a higher Q-factor, while higher loss results in a lower Q-factor. When 

the cavity has high loss (low Q-factor), laser oscillation is suppressed even though the 

gain medium is being pumped. During this period, stimulated emission is inhibited and 

the population inversion in the gain medium is allowed to build up to a high level. Once 

a large inversion is achieved, the cavity losses are suddenly reduced, restoring a high 

Q-factor. This rapid change allows the stored energy in the gain medium to be released 

almost instantaneously, producing a very short and intense laser pulse, typically with a 

pulse duration in the microsecond or nanosecond range. 

The Q-switching process begins by pumping the gain medium while maintaining 

high intracavity losses, which prevents significant energy extraction from the cavity. As 

pumping continues, the gain increases until it greatly exceeds the losses. When the 

losses are abruptly reduced, the intracavity optical power rises exponentially until the 

gain is depleted and saturation is reached. In this way, Q-switching converts the energy 

stored in the gain medium into a single, high-energy laser pulse. The choice of gain 

medium is crucial for efficient Q-switched laser operation. Important considerations 

include a high concentration of laser-active ions, a suitable upper-state lifetime, and 



20 

moderate gain efficiency. If the gain is too high, excessive amplified spontaneous 

emission (ASE) may occur, which can limit the amount of energy that can be stored in 

the gain medium before Q-switching. Therefore, a balanced gain medium is required to 

achieve high pulse energy without premature energy loss. Q-switching can be 

implemented using either active elements, such as electro-optic or acousto-optic 

modulators, or passive elements, such as saturable absorbers (Ahmad, & Samion 2018, 

Ahmed, &, Ali, 2015). 

 

2.5.2 Mode-Locking 

Mode-locking is a technique used to generate ultrashort laser pulses by forcing 

all the longitudinal modes of a laser cavity to oscillate with a fixed phase relationship. 

When the phases of these modes are locked together, constructive interference occurs 

at regular time intervals, producing a train of pulses with very high repetition rates, 

typically in the megahertz (MHz) range. This process results in extremely narrow pulses 

that are evenly spaced in time. Figure 2.4 illustrates the difference between random-

phase and phase-locked operation by comparing intensity versus time. In normal laser 

operation, multiple longitudinal modes oscillate independently with random and 

uncorrelated phases. There is no fixed phase relationship between these modes, and the 

total electromagnetic field at any point in the cavity is simply the vector sum of all the 

individual modes. As a result, the output intensity fluctuates randomly and appears as a 

noisy or irregular signal, as shown in the right side of Figure 2.4. 

 Under mode-locking conditions, a fixed phase relationship is imposed among 

the longitudinal modes. When these phase-locked modes interfere, they add 

constructively at specific times and destructively at others, leading to the formation of 

a periodic train of short pulses at the laser output. Depending on the laser configuration 

and gain medium, these pulses can reach extremely short durations, often in the 

picosecond or femtosecond range.  
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Figure 2.4 Illustrations Showing The Random Phase And Locked Phase(Ahmed, & 

Latiff, 2016) 

 

 In a Fabry–Perot cavity, the frequency spacing between adjacent longitudinal 

modes is given by 

Δν=
c

2L
                                                                    (2.2) 

 

where 𝐿 is the cavity length and 𝑐 is the speed of light. For a ring cavity, the mode 

spacing becomes 

Δν=
c

L
                                                                         (2.3) 

 

The duration of the mode-locked pulses is strongly influenced by the number of 

longitudinal modes that are phase-locked. If 𝑁modes are locked together, the total 

optical bandwidth is approximately 𝑁Δ𝜈. This shows that a broader spectral bandwidth 

corresponds to a shorter pulse duration. For a Gaussian-shaped pulse, the minimum 

achievable pulse width is given by  

τ=
0.441

NΔν
                                                                     (2.4) 
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The constant 0.441 is known as the time–bandwidth product (TBP) for a Gaussian pulse. 

The TBP depends on the pulse shape. For ultrashort pulses that are better described by 

a hyperbolic secant-squared (sech
2
) profile, the TBP is 0.315 (Ahmed,& Latiff, 2016 ). 

 As the number of interacting phase-locked modes increases, the total bandwidth 

becomes wider, the pulse duration becomes shorter, and the peak intensity increases. 

This indicates that the pulse width in a mode-locked laser is mainly determined by the 

available gain bandwidth of the gain medium and the spectral filtering effects within 

the cavity. 

Mode-locked pulses can be generated using either active or passive techniques, 

depending on how the phase relationship between the longitudinal modes is enforced. 

In active mode-locking, an external modulator—typically an acousto-optic modulator 

(AOM) or an electro-optic modulator (EOM)—is inserted into the laser cavity. This 

modulator periodically varies the intracavity loss in synchronization with the round-trip 

time of light in the resonator. The electronically driven modulation produces a 

sinusoidal pattern of loss variation, with a period equal to the cavity round-trip time 𝑇𝑟. 

In steady-state operation, the saturated gain balances the losses mainly near the 

minimum of the loss-modulation curve. Consequently, only light that arrives at the 

cavity during these low-loss time windows is strongly amplified, while light arriving at 

other times is suppressed. This selective amplification forces the laser to emit a train of 

pulses that are much shorter than the cavity round-trip time. Active mode-locking 

therefore relies on precise electronic control and timing to maintain stable pulse 

generation. 

In contrast, passive mode-locking does not require any external electronic 

modulator. Instead, a saturable absorber (SA) is placed inside the laser cavity to provide 

intensity-dependent loss. The SA introduces high loss at low light intensities and low 

loss at high intensities. As a result, weak continuous-wave (CW) components 

experience strong attenuation, while intense short pulses experience much lower loss 

and are preferentially amplified. For lasing to occur, the intracavity light must reach a 

sufficiently high intensity to saturate the absorber and reduce its loss. 

This condition is naturally satisfied when the longitudinal modes lock in phase 

and form short pulses, since the peak power of a pulse is much higher than that of CW 

operation with the same average power. To suppress pure CW lasing, the small-signal 

gain of the cavity is typically adjusted slightly below the CW threshold. Under these 

conditions, CW light cannot build up because it experiences too much loss from the SA. 
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However, when a short pulse forms, its high peak intensity saturates the absorber, 

reduces the loss, and allows the gain to exceed the threshold during the pulse. After the 

pulse passes, the gain again falls below threshold, preventing continuous emission. 

Efficient passive mode-locking therefore requires a saturable absorber with a 

fast recovery time, so that it can quickly return to its high-loss state after the pulse has 

passed. This rapid recovery ensures stable pulse shaping, suppresses noise, and supports 

the generation of clean, ultrashort pulses (Ahmed, & Latiff, 2016). 

 

2.6 Description of laser pulses 

Several key parameters are commonly used to characterize laser pulses. As 

illustrated in Figure 2.5, the pulse duration is defined as the full width at half maximum 

(FWHM) of the pulse intensity profile, which represents the temporal width of the pulse 

at half of its peak amplitude. Another fundamental parameter is the pulse repetition rate 

(PRR), which is the number of pulses emitted per second. The time interval between two 

successive pulses, known as the pulse period 𝑇, is simply the reciprocal of the repetition 

rate, 𝑇 = 1/PRR. 

 For ultrashort-pulse lasers, an especially important quantity is the peak power, 

𝑃peak, which represents the maximum instantaneous optical power reached during a pulse. 

For a laser pulse with a Gaussian temporal profile, the peak power can be approximated 

by 

Ppeak≈0.94
EL

τL

                                                        (2.5) 

where 𝐸𝐿 is the pulse energy and 𝜏𝐿 is the pulse duration (FWHM). Because ultrashort 

pulses have durations in the picosecond or femtosecond range, even modest pulse 

energies can correspond to extremely high peak powers, often reaching the megawatt 

(MW) level. 

In contrast to peak power, the average laser power, 𝑃ave, describes the mean optical 

power delivered over time. It is given by the product of the pulse energy and the repetition 

rate: 

Pave=EL×PRR                                               (2.6) 

 

This parameter is important for applications where total energy delivery over 

time, thermal loading, or efficiency is a concern. 
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Figure 2.5 Illustration Of Pulse Duration (𝜏𝐿) Defined By The Full Width At Half 

Maximum (FWHM), And The Period 𝑇 Between Two Successive Laser 

Pulses. The Pulse Energy (𝐸𝐿) Corresponds To The Area Under The 

Power–Time Curve. 

 

Another important quantity in laser–matter interaction is the fluence, which is 

defined as the incident optical energy per unit area. For a beam with a flat-top spatial 

profile, the fluence is uniform across the beam cross-section. However, most practical 

lasers produce beams with a Gaussian profile, where the fluence is highest at the beam 

center and decreases gradually toward the edges. Therefore, the peak fluence is often 

used, especially in laser ablation and micromachining studies. For a Gaussian beam, the 

peak fluence is given by 

Fpeak=
2EL

πωr
2

                                                              (2.7) 

where 𝜔𝑟is the beam radius at which the intensity drops to 1/𝑒2(about 13.5%) of its 

maximum value at the beam center. 

Similarly, the optical intensity is defined as the optical power per unit area. For a 

flat-top beam, the intensity is uniform, while for a Gaussian beam, the maximum intensity 

occurs on the beam axis. The peak intensity for a Gaussian beam is expressed as 

 

Ipeak=
2Ppeak

πωr
2

                                                           (2.8) 

 

These parameters—pulse duration, repetition rate, peak power, average power, 

fluence, and intensity—are essential for describing the temporal and spatial 
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characteristics of laser pulses and for understanding their interaction with materials in 

applications such as micromachining, medical treatment, and nonlinear optics. 

 

2.7 Pulse Propagation in a Fiber 

Light pulses propagate along an optical fiber mainly through the principle of total 

internal reflection. This occurs because the refractive index of the fiber core is 

intentionally made higher than that of the surrounding cladding. As a result, light entering 

the core at suitable angles is repeatedly reflected at the core–cladding interface and 

remains guided along the fiber. For efficient guidance, it is essential that the refractive 

index of the core is always greater than that of the cladding. During propagation, an 

optical pulse does not remain unchanged. Its shape, width, and spectrum can be affected 

by several physical mechanisms, including dispersion, nonlinear effects, and other wave–

matter interactions. These effects become especially important in fiber lasers and long 

fiber links, where pulses travel over significant distances and often at high intensities. 

The following sections describe the main factors influencing pulse propagation in optical 

fibers. 

 

2.7.1 Dispersion  

Dispersion refers to the phenomenon in which different wavelengths of light 

travel at different velocities in a medium, causing an initially short pulse to spread in time 

as it propagates. In free space, all electromagnetic waves travel at the same speed, 𝑐 =

3 × 108m/s. However, inside a material medium such as optical fiber, the speed of light 

is reduced due to interactions between photons and the electrons of the material. This 

reduction is described by the refractive index 𝑛, and the velocity of light in the medium 

is given by 

vm=
c

n
                                                                 (2.9) 

Because the refractive index depends on wavelength, different spectral components of a 

pulse travel at different speeds, leading to temporal broadening. 

In multimode fibers, modal dispersion occurs because different modes propagate 

along different optical paths and therefore reach the fiber output at different times. The 

fundamental mode generally travels the fastest, while higher-order modes experience 

longer path lengths and lower effective velocities. The resulting time delay between 
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modes leads to significant pulse broadening at the fiber output. In single-mode fibers, 

modal dispersion is completely eliminated since only one propagation mode is supported. 

However, chromatic dispersion remains, as different wavelengths within the pulse still 

travel at different group velocities. 

Chromatic dispersion, also known as group velocity dispersion (GVD), describes 

how the group velocity of light changes with wavelength or frequency. It is 

mathematically expressed as 

GVD=
∂

∂ω
(

1

vg

) =
∂

∂ω
(

∂k

∂ω
) =

∂
2
k

∂ω2
                                (2.10) 

where 𝑘 is the wavenumber, 𝑣𝑔 is the group velocity, and 𝜔 is the angular frequency. In 

fiber laser cavities, the total dispersion is obtained by summing the dispersion 

contributions of each fiber segment and optical component. In practice, dispersion is 

often described using the parameter 𝛽2, which relates to wavelength rather than angular 

frequency: 

β
2
=-

Dm(λ)λ
2

2πc
                                                       (2.11) 

where 𝐷𝑚(𝜆) is the wavelength-dependent dispersion coefficient of the fiber. Optical 

fibers typically have a zero-dispersion wavelength 𝜆𝐷 near 1310 nm. For wavelengths 

longer than 𝜆𝐷, 𝛽2 becomes negative, indicating anomalous dispersion. For wavelengths 

shorter than 𝜆𝐷, 𝛽 2 is positive, corresponding to normal dispersion. The dispersion 

regime strongly influences pulse evolution and stability in fiber lasers. 

 

2.7.2 Nonlinear Effect  

Nonlinear effects become significant in optical fibers when light propagates at 

high intensity or over long distances. These conditions are easily achieved in fibers 

because of their small core size and low propagation loss. The dominant nonlinear 

response in silica fibers is the Kerr effect, which gives rise to phenomena such as self-

phase modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM) 

(. Ahmeed, & Ahmad, 2025, 15. Al-Hiti, & Al-Masoodi, 2025). The Kerr effect causes 

the refractive index of the medium to depend on the optical intensity: 

neff=n1+n2Iint                                                   (2.12) 
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where 𝑛eff is the effective refractive index, 𝑛1 is the linear refractive index, 𝑛2 is the 

nonlinear refractive index coefficient, and 𝐼int is the optical intensity. This intensity-

dependent refractive index introduces an additional phase shift during propagation: 

ϕ
nl

=
2π

λ
neffL                                                   (2.13) 

where 𝐿is the fiber length and 𝜆is the operating wavelength. The nonlinear phase shift 

increases with fiber length, refractive index, and optical intensity, and is stronger at 

shorter wavelengths. 

For optical pulses, intensity varies across time, so different parts of the pulse 

accumulate different nonlinear phase shifts. This leads to the formation of frequency 

chirp across the pulse, a process known as self-phase modulation. When the nonlinear 

length and dispersion length are comparable and the dispersion is anomalous, the effects 

of SPM and dispersion can balance each other. This balance results in the formation of 

optical solitons—pulses that propagate without changing shape in a dispersive and 

nonlinear medium. Such soliton dynamics play a crucial role in ultrafast fiber lasers. 

Cross-phase modulation and SPM are also key mechanisms in shaping picosecond and 

femtosecond pulses. 

 

2.7.3 Formation of Kelly sidebands 

When the nonlinear phase shift from the Kerr effect exactly balances dispersive 

broadening due to GVD, a stable soliton is formed. However, in real laser cavities, 

solitons experience periodic perturbations due to gain, loss, filtering, and cavity 

boundaries. These perturbations cause the soliton to shed small amounts of energy in the 

form of dispersive waves. Under resonant conditions, these dispersive waves interfere 

constructively with the soliton, leading to the appearance of symmetrical spectral 

sidebands around the central soliton peak. These features are known as Kelly sidebands 

(Aljunid,&, Ghafar, 2024,17. Alrebdi,& Sadiq, 2025). The spacing of the Kelly 

sidebands depends on the total cavity dispersion. 

Kelly sidebands indicate strong interaction between dispersion and nonlinearity. 

However, their presence can also cause interaction between adjacent soliton pulses, 

leading to pulse timing jitter. This jitter reduces the stability of mode-locked fiber lasers 

and can introduce errors in long-distance optical communication systems. 
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2.8 Dark pulses 

A soliton is a nonlinear wave packet that can propagate over long distances 

without changing its shape, maintaining its waveform through a process of dynamic self-

stabilization. This phenomenon was first observed by Russell in 1844. Soliton formation 

occurs when the pulse broadening caused by dispersion is exactly balanced by the pulse 

compression induced by optical nonlinearity. Consequently, dispersion and nonlinearity 

are the two fundamental mechanisms governing soliton behavior. Dispersion is an 

inherent property of light propagation in a medium, where different frequency 

components of a pulse travel at different velocities, leading to a frequency-dependent 

phase velocity and temporal spreading of the pulse. In optical fibers, pulse evolution is 

mainly influenced by chromatic dispersion and polarization mode dispersion (PMD). 

PMD arises from birefringence in the fiber, causing different polarization components to 

propagate at different speeds. This effect can disturb the delicate balance required for 

soliton formation, leading to pulse distortion and instability. Therefore, in practical 

systems, PMD must be minimized or compensated, for example through adaptive 

compensation techniques (Apandi & Ahmad, 2017).  

In laser systems where dispersive and nonlinear effects dominate pulse dynamics, 

soliton behavior is commonly described by the Nonlinear Schrödinger Equation (NLSE), 

as introduced by Hasegawa and Tappert (Barmenkov, Y. O., Kir’yanov, 2014). Under 

anomalous dispersion conditions, the NLSE predicts the formation of bright solitons, 

which appear as isolated intensity peaks. In contrast, under normal dispersion, dark 

solitons—characterized by intensity dips on a continuous background—can be formed. 

A dark soliton is a special type of nonlinear optical pulse that appears as a stable “dip” or 

notch in intensity on top of a continuous or quasi-continuous light background. Instead 

of being a bright, isolated peak like a bright soliton, a dark soliton is characterized by a 

localized reduction in intensity accompanied by a sharp phase change across the dip. 

Physically, a dark soliton forms when the natural pulse broadening caused by normal 

dispersion is exactly balanced by the nonlinear phase modulation (Kerr nonlinearity) of 

the medium. This balance allows the intensity dip to propagate without changing its shape 

or depth, even over long distances. In fiber lasers and optical fibers, dark solitons are 

important because they represent an alternative ultrafast pulse regime, useful for studying 

nonlinear dynamics, dispersion–nonlinearity balance, and advanced pulse shaping. 
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Dark solitons in optical fibers can be generated through several theoretical and 

experimental frameworks, mainly based on the Nonlinear Schrödinger Equation (NLSE), 

the Cubic–Quintic Nonlinear Schrödinger Equation (CQNLSE), and the Domain Wall 

(DW) model. Each mechanism relies on different physical conditions and cavity designs. 

Pulse propagation in single-mode optical fibers is commonly described by the 

NLSE, which models the combined effects of GVD and Kerr nonlinearity. In this 

framework, solitons form when dispersive pulse broadening is exactly balanced by 

nonlinear self-phase modulation. Under anomalous dispersion, the NLSE predicts the 

formation of bright solitons, while under normal dispersion, dark solitons can be 

generated. Silica fibers naturally exhibit both dispersion regimes, with a zero-dispersion 

wavelength near 1330 nm. Below this wavelength, fibers operate in normal dispersion, 

which is favorable for NLSE dark soliton formation. Therefore, most NLSE-based dark 

soliton fiber lasers operate in the 1 µm band, typically using ytterbium-doped fiber lasers 

(YDFLs) with artificial saturable absorbers and polarization control (Becker, & 

Olsson,1999). In contrast, erbium-doped fiber lasers (EDFLs) operating near 1550 nm 

naturally lie in the anomalous dispersion regime and tend to support bright solitons unless 

special dispersion management is applied. 

Standard NLSE considers only third-order (Kerr) nonlinearity. However, at very 

high optical intensities, higher-order nonlinear effects become significant, especially the 

fifth-order nonlinearity. In this case, the refractive index depends on both cubic and 

quintic terms, leading to the CQNLSE. By introducing highly nonlinear fiber (HNLF) 

into the laser cavity, the system nonlinearity can be strongly enhanced. Under such 

conditions, CQNLSE dark solitons can form regardless of whether the cavity operates in 

normal or anomalous dispersion. This makes CQNLSE-based dark solitons more flexible 

than NLSE dark solitons, which are limited to normal dispersion. Experimental studies 

have verified this mechanism. For example, dark solitons with nanosecond-scale pulse 

widths and MHz repetition rates have been demonstrated using nonlinear polarization 

rotation and long HNLF sections, showing stable propagation characteristics (Chavan, & 

Kim, 2023) 

Domain wall (DW) dark solitons arise from a completely different physical 

mechanism. A domain wall is a topological boundary that connects two stable states of a 

system. In optics, domain wall solitons form through nonlinear interactions between two 

coexisting states, such as different wavelengths or orthogonal polarization modes. Unlike 

NLSE dark solitons, DW dark solitons do not require strict dispersion management. 
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Unlike CQNLSE solitons, they also do not rely on extremely strong nonlinearity. Instead, 

their formation is mainly governed by incoherent coupling between two optical states. As 

a result, DW dark solitons can be generated in both normal and anomalous dispersion 

regimes. DW dark pulse fiber lasers usually adopt interferometer-type cavity designs and 

often include nonlinear polarization rotation and sometimes saturable absorbers. 

Experimental studies have shown that DW dark solitons commonly appear during 

wavelength or polarization switching. For example, dual-wavelength operation in EDFLs 

has been shown to produce stable dark pulses at the transition point between two 

wavelengths [22]. These dark pulses are attributed not only to gain competition but also 

to incoherent coupling between orthogonal polarization modes in birefringent fibers. 

 

2.9 Saturable Absorber (SA) 

A saturable absorber (SA) is a material whose optical absorption decreases as the 

intensity of incident light increases. For a material to function effectively as a SA, it must 

exhibit a fast and reversible change in absorption with varying light intensity. After 

becoming saturated at high intensity, the material must quickly recover to its initial high-

absorption state when the intensity drops. This rapid recovery is essential for repetitive 

pulse formation in lasers. In addition, an ideal SA must possess a high optical damage 

threshold so that it can withstand strong optical fields without physical degradation. 

Thermal stability is also critical, as the material should not deteriorate when exposed to 

elevated temperatures caused by intense laser operation. These properties are particularly 

important for short-pulse generation in passive Q-switching and mode-locking systems, 

where the absorber is repeatedly exposed to high peak powers. 

The mechanism of saturable absorption is illustrated in Figure 2.6 using a simple 

two-level electronic model. In this model, the two energy levels are denoted as E1 (ground 

state) and E2 (excited state), with corresponding atomic or carrier populations N1 and N2. 

Under normal, low-intensity illumination, most electrons reside in the ground state, so 

N1 is much larger than N2. This means that many electrons are available to absorb 

incoming photons. 
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Figure 2.6 Schematic Representation of The Saturable Absorption Process Based On 

A Two-Level Electronic Model (Chen, H., Yin, 2017). 

 

When light is incident on the material, electrons in the ground state E1absorb 

photons and are promoted to the excited state E2, provided that the photon energy matches 

the energy difference between the two levels. This energy difference is often referred to 

as the bandgap. At low optical intensities, only a small fraction of electrons are excited, 

so absorption remains strong and the material appears highly absorbing. As the incident 

light intensity increases, more electrons are driven into the excited state. Eventually, a 

significant portion of the available states in E2 becomes occupied. When this happens, 

further absorption is reduced because fewer empty states remain for electrons to transition 

into. This phenomenon leads to saturation of absorption and a corresponding increase in 

optical transmittance. Thus, there is a direct relationship between the nonlinear absorption 

behavior of the material and the density of excited carriers. 

At sufficiently high optical intensity, the population in the excited state can even 

exceed that in the ground state, a condition known as population inversion (N2 > N1). 

Although population inversion is more commonly discussed in gain media, in SAs the 

key effect is governed by the Pauli exclusion principle, which states that no two identical 

fermions can occupy the same quantum state simultaneously (Chen & Cheak,2024). Once 

most of the available excited states are filled, additional electrons cannot be promoted, 

and the material becomes increasingly transparent to incoming light. As a result, at high 

laser intensity the SA exhibits low loss and allows light to pass through with minimal 
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attenuation. When the excited electrons relax back to the ground state after a 

characteristic lifetime, the material recovers its initial high-absorption state. This cycle 

of excitation, saturation, recovery, and re-excitation repeats continuously during laser 

operation. In pulsed lasers, this mechanism enables intense portions of the optical field 

to experience less loss than weak portions, thereby favoring the formation of short, high-

intensity pulses. 

For a material to function effectively as a saturable absorber, it must exhibit 

sufficiently strong saturable absorption, a broad linear absorption band to support 

different wavelengths, and an appropriate recovery (relaxation) time. These properties 

ensure compatibility with various laser configurations and stable operation in passive Q-

switching and mode-locking systems. In addition, an ideal SA must possess a high optical 

damage threshold so that it can withstand strong optical fields without physical 

degradation. Thermal stability is also critical, as the material should not deteriorate when 

exposed to elevated temperatures caused by intense laser operation.  

 

2.10 SA materials 

A wide range of functional materials has been explored as SAs for short-pulse 

laser generation. These include semiconductor saturable absorber mirrors (SESAMs) 

[25], carbon nanotubes (CNTs) ( Dacey,( Dong & Samson,2016), topological insulators 

(TIs)(Du, & Yang, 2020), antimony films (Feng & Silverman, 2010), and various metal 

oxides (Fu & Hua, 2014)  Among these, SESAMs are one of the most established and 

commercially available SAs for stable Q-switched and mode-locked pulses generation. 

Despite their effectiveness, SESAMs suffer from certain drawbacks, including limited 

operating bandwidth and high fabrication cost. These limitations have driven strong 

interest in two-dimensional (2D) materials, which are attractive due to their low-cost 

fabrication and broadband optical response. Common 2D materials used as saturable 

absorbers include graphene, black phosphorus (BP), topological insulators (TIs), and 

transition metal dichalcogenides (TMDs). 

 Graphene has been widely studied since 2009 for Q-switching and mode-locking 

at various wavelengths. It can exist as a single layer or in multiple layers and is typically 

obtained through mechanical exfoliation of graphite. Transition metal dichalcogenides 

(TMDs) are another important family of 2D materials. They have the chemical form MX₂, 

where M is a transition metal and X is a chalcogen element. Their structure consists of a 
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single layer of transition metal sandwiched between two chalcogen layers. Common 

examples include WS₂ and MoS₂ ( Fu, & Sun, 2021,  Ghafar, & Zulkipli.,2022) However, 

many of these materials possess relatively low optical damage thresholds—often 

bounded below 20 mJ/cm2 to 50mJ/cm2 for materials like black phosphorus, or intensities 

under 100MW/cm2 for certain transition metal dichalcogenides—limiting their long-term 

laser performance and making them susceptible to photothermal degradation under 

intense intra-cavity fields (Hammadi, Y., Mansour, 2018,  Haris, & Arof, 2019). 

Topological insulators (TIs) form another class of 2D materials. They behave as 

insulators in the bulk but have conducting surface states. TIs are especially attractive as 

saturable absorbers because of their high modulation depth. Frequently reported TIs 

include bismuth telluride (Bi₂Te₃) and bismuth selenide (Bi₂Se₃). Black phosphorus (BP) 

is also notable due to its tunable bandgap, which lies between the zero bandgap of 

graphene and the relatively large bandgaps of TMDs. The bandgap of BP can be adjusted 

by changing the number of layers. 

Tables 2.1 and 2.2 summarize previously reported Q-switched and mode-locked 

erbium-doped fiber lasers (EDFLs) that employ various 2D materials as saturable 

absorbers. These results demonstrate that 2D materials are highly versatile and effective 

for short-pulse generation across a wide range of operating conditions, making them 

strong alternatives to conventional SESAM-based systems. 

 

Table 2.1  

Q-Switched EDFL With 2D Materials As SA  

SA Operational 

Wavelength 

(nm) 

Repetition 

Rate 

(kHz) 

Pulse 

Width 

(μs) 

SNR 

(dB) 

Ref 

WS2 1558 7.7 – 35.2 19.3 - 2.6 7.06 (Dong & 

Samson, 

2016).  

MoS2 1549.83 116 – 131 0.76 – 0. 

66 

- (Haris, & 

Batumalay, 

2022) 

TiSe2 1560.472 24.5 – 

73.79 

9.47 – 

1.31 

- (Hasegawa, 

& Tappert, 

,1973).  

BP 1562.35 9.61 – 

44.72 

40.1 - 9.8 67 (Hecht &J. 

2010).  

Graphene 1557.43 14.49–

88.97 

12.08 –

1.54 

57 (Hisyam, & 

Rusdi, 

2016) 
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Bi2Te3 1531 12.6– 177.7 9.33 – 

1.32 

49 (Du, & 

Lu,2020) 

Bi2Se3 1560 23.5– 68.2 8.6 – 2.4 14.05 (Hong, & 

Liu, 2020) 

CaCO3 1563.5 / 1564.9 12.67 – 

21.3 

35.27-

18.74 

25 (Husaini, & 

Wadi,2024) 

Table 2.2  

Mode-Locked EDFL With 2D Materials As SA 

SA Operational 

Wavelength 

(nm) 

Repetition 

Rate 

(MHz) 

Pulse 

Width 

SNR  

(dB) 

Ref 

WS2 1558.6 523 711 fs 89 ( Fu, & 

Sun,2021) 

MoS2 1573.7 27.1 630 fs 61 (Hammad& 

Mansour, 

2019) 

BP 1560.7 6.88 570 fs 59 ( Huttner, 

& Geiser, 

2002) 

PtSe2 1563 23.3 1.02 ps 61 (Ippen, E., 

Shank, 

1972) 

Bi2Se3 1562.4 22.6 0.63 ps 51.2 (Hong, & 

Liu, 2020) 

 

 

2.11 Summary 

This chapter presents a detailed description of the research literature review of 

this research employed in this experiment.  examined the essential concepts and prior 

research pertinent to the advancement of pulsed erbium-doped fiber lasers (EDFLs) 

utilizing saturable absorbers, which started with an introduction to laser technology and 
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highlighted the evolution of lasers from the first ruby laser to contemporary fiber-based 

systems. The special characteristics of laser light, such as coherence, monochromaticity, 

and high directionality, have made widespread applications possible. It started with an 

overview of laser technology, emphasizing how lasers have changed throughout time, 

from the first ruby laser to contemporary fiber-based systems. Widespread uses have been 

made possible by the special qualities of laser light, such as coherence, 

monochromaticity, and great directionality. 

The fundamental structure and operational principle of optical fibers were further 

examined.  Optical fibers guide light through total internal reflection, enabling low-loss 

transmission over long distances. This technology forms the basis of fiber lasers, where 

rare-earth-doped optical fibers act as the gain medium. Of the different fiber laser 

systems, EDFLs are particularly significant because they operate near 1.55 µm, which 

corresponds to the low-loss transmission window of silica fibers. The excitation and 

stimulated emission processes of erbium ions under 980 nm pumping were described, 

demonstrating how optical gain and laser oscillation are accomplished. Through total 

internal reflection, optical fibers direct light, enabling low-loss transmission over 

extended distances. Fiber lasers, which use rare-earth-doped optical fibers as the gain 

medium, are based on this technique. Because EDFLs operate close to 1.55 µm, which 

corresponds to the low-loss transmission window of silica fibers, they are especially 

significant among other fiber laser systems. Optical gain and laser oscillation were 

demonstrated by the explanation of the excitation and stimulated emission processes of 

erbium ions under 980 nm pumping. 

The chapter also examined pulse generation techniques in fiber lasers, namely Q-

switching and mode-locking. Q-switching generates brief, high-energy pulses in the 

nanosecond to microsecond range by modulating cavity losses, whereas mode-locking 

synchronizes longitudinal cavity modes to produce ultrashort pulses in the picosecond or 

femtosecond range. Mode-locking synchronizes longitudinal cavity modes to generate 

ultrashort pulses in the picosecond or femtosecond regime. These pulsed regimes are 

highly valuable for applications requiring high peak power, precision material 

processing, nonlinear optics, and ultrafast photonics. The mode-lock sought after is 

soliton mode-lock can either dark pulse or bright pulse. 

The propagation of pulses in optical fibers was reviewed with a focus on 

dispersion and nonlinear effects like self-phase modulation, cross-phase modulation, 

four-wave mixing, soliton formation, Kelly sidebands, and dark pulse generation, which 
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have a significant impact on pulse shaping, stability, and spectral behavior in fiber laser 

cavities. A number of pulse characterization parameters were recorded and examined, 

including pulse duration, repetition rate, pulse energy, peak power, average power, 

and pulse shape Additionally, dispersion and nonlinear phenomena such self-phase 

modulation, cross-phase modulation, four-wave mixing, soliton production, Kelly 

sidebands, and dark pulse generation were examined in relation to pulse propagation in 

optical fibers. In fiber laser cavities, these events have a significant impact on pulse 

shaping, stability, and spectrum behavior. 

The chapter concluded with a review of various reported SA materials, such as 

SESAMs, carbon nanotubes, graphene, topological insulators, transition metal 

dichalcogenides, black phosphorus, antimony films, and metal oxides. Although these 

materials have shown promising results, limitations such as fabrication complexity, cost, 

environmental instability, or restricted performance remain. The nonlinear absorption 

mechanism, based on intensity-dependent transmission, was described along with the 

desirable properties of an ideal SA, including fast recovery time, thermal stability, and 

high damage threshold. The desired characteristics of an ideal SA, such as quick recovery 

time, wide working bandwidth, thermal stability, and high damage threshold, were 

explained along with the nonlinear absorption mechanism, which is based on intensity-

dependent transmission. SESAMs, carbon nanotubes, graphene, topological insulators, 

transition metal dichalcogenides, black phosphorus, antimony films, and metal oxides 

were among the various SA materials that were evaluated. These materials have shown 

encouraging results, but they still have drawbacks such difficult manufacture, high cost, 

unstable environments, or limited performance. 

The literature review indicates that CuAlO₂ and Cr₂GaC are promising candidates 

for further investigation as alternative saturable absorbers for generating stable Q-

switched and mode-locked pulses in EDFLs. This provides the basis and rationale for the 

experimental work presented in the following chapters. As a result, there is ongoing 

motivation to investigate new SA materials with improved optical and physical 

properties. CuAlO₂ and Cr₂GaC are viable options for additional research as substitute 

saturable absorbers for producing stable Q-switched and mode-locked pulses in EDFLs, 

according to the examined literature. This serves as the basis and rationale for the 

experimental work described in the ensuing chapters. 

Although extensive research has been carried out on pulsed erbium-doped fiber 

lasers (EDFLs) using various saturable absorbers such as graphene, carbon nanotubes, 
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topological insulators, transition metal dichalcogenides, black phosphorus, and metal 

oxides, several important gaps remain unresolved.In addition, most existing studies have 

focused heavily on well-known two-dimensional nanomaterials, while comparatively 

fewer investigations have explored alternative ceramic, oxide, and MAX-phase related 

materials with potentially superior thermal, mechanical, and nonlinear optical properties. 

Specifically, CuAlO₂ and Cr₂GaC remain underexplored as SAs in EDFL systems, 

particularly for passive Q-switching and mode-locking applications in the 1.55 µm 

wavelength region. While other rare-earth doped fiber work on different operating 

wavelength 

This study fills the current research gap by examining CuAlO₂ and Cr₂GaC as 

novel saturable absorbers for EDFLs, evaluating their ability to generate stable Q-

switched and mode-locked pulses, and analyzing key laser performance parameters. The 

results are anticipated to expand the range of available SA materials and contribute to the 

development of more efficient, robust, and cost-effective pulsed fiber laser systems. 

Additionally, there is limited comparative information regarding how these newer 

materials influence significant laser characteristics like pulse repetition rate, pulse width, 

signal-to-noise ratio, threshold power, and output efficiency. Additionally, it is yet 

unclear how their material characteristics relate to pulse generating performance. 

Therefore, by examining CuAlO₂ and Cr₂GaC as innovative saturable absorbers 

for EDFLs, our study fills the current research gap. Key laser performance metrics will 

be examined, and their ability to produce steady Q-switched and mode-locked pulses will 

be assessed. The results are anticipated to increase the variety of SA materials accessible 

and aid in the creation of pulsed fiber laser systems that are more reliable, efficient, and 

affordable. In summary, while a vast body of literature has successfully demonstrated the 

use of 2D nanomaterials such as graphene, TMDs, and MXenes for pulse generation, a 

critical gap remains regarding their long-term structural and thermal stability under high-

intensity optical fields. Many of these conventional saturable absorbers suffer from low 

damage thresholds or complex, high-cost fabrication techniques. This research carves out 

a specific niche by introducing and critically analyzing two distinct material families: 

Copper Aluminum Oxide CuAlO₂ and Cr₂GaC as innovative saturable absorbers for 

EDFLs, our study fills the current, a structurally stable p-type delafossite oxide, and 

Chromium Gallium Carbide, an exceptionally robust, oxidation-resistant MAX-phase 

compound. By embedding these materials into a cost-effective PVA host polymer matrix, 

this study bridges the gap between high damage threshold requirements and inexpensive 
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fabrication, providing a stable, alternative pathway for both bright and dark pulse laser 

architectures in the 1.55 µm window. 
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CHAPTER 3  

RESEARCH METHODOLOGY 

3.1 Introduction 

This chapter presents the systematic research methodology employed in this 

study. It provides a comprehensive description of each experimental stage, beginning 

with the fabrication and characterization of the saturable absorber (SA) materials, 

followed by the laser cavity configuration, pulse formation, and data acquisition for Q-

switched and mode-locked erbium-doped fiber laser (EDFL) operation. Detailed 

explanations are given on the characterization mechanisms used to evaluate the optical 

and physical properties of the fabricated SAs. The procedures and calculations for both 

linear and nonlinear absorption measurements are described to elucidate the saturable 

absorption behavior. This study focuses on two SA materials, namely Chromium 

Gallium Carbide (Cr2GaC) and Copper Aluminium Oxide (CuAlO2). Field-emission 

scanning electron microscopy (FESEM) was employed to investigate the surface 

morphology of the SA films, while energy-dispersive X-ray spectroscopy (EDX) was 

used to determine their elemental composition. 

The methodology further encompasses the operational characterization of the 

laser system under different pulsed regimes, including Q-switching and mode-locking. 

Advanced diagnostic instruments—such as an oscilloscope, optical spectrum analyzer 

(OSA), radio frequency (RF) spectrum analyzer, and autocorrelator—were utilized for 

temporal and spectral pulse analysis. Data logging, processing, and documentation were 

carried out using Microsoft Excel and Microsoft Word. The overall research workflow 

is summarized in a flowchart, as illustrated in Figure 3.1. 
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Figure 3.1 Basic Process Flowchart Of The Research Methodology Adopted In This 

Study  

 

3.2 Material 

3.2.1 Polyvinyl Alcohol   

Polyvinyl alcohol (PVA) has become one of the most widely used host matrix 

materials for dispersing nanomaterials and fabricating flexible saturable absorber (SA) 

films through a simple and cost-effective process. PVA is a synthetic, water-soluble 

polymer that exhibits high optical transparency in the near-infrared (NIR) region, which 

corresponds to the operating wavelength range of erbium-doped fiber lasers. It offers 

excellent film-forming capability, ease of handling, good compatibility with a wide range 
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of nanomaterials, and flexibility in controlling the volume and composition of the SA 

material, making it highly suitable for SA device fabrication. 

In a typical preparation process, the nanomaterial is first dispersed in deionized 

water. Separately, a PVA solution is prepared by dissolving PVA powder in water and 

stirring until a clear and homogeneous solution suitable for SA fabrication is obtained. 

The nanomaterial is then introduced into the PVA solution in an appropriate mass ratio 

to achieve the desired saturation characteristics and is thoroughly mixed to ensure 

uniform dispersion. The resulting composite solution is subsequently poured onto a Petri 

dish or glass substrate and allowed to dry under ambient or controlled conditions to form 

a thin film. After drying, a small section of the film is cut to the desired size and 

sandwiched between two fiber ferrules using a small amount of index-matching gel, 

enabling proper integration of the SA into the laser cavity. 

Despite its advantages, PVA-based SA fabrication presents certain limitations. 

The water solubility of PVA can compromise long-term stability in humid environments, 

non-uniform nanomaterial dispersion may lead to inconsistent laser performance, and the 

damage threshold of PVA is generally lower than that of inorganic host materials. 

 

 

Figure 3.2 PVA Powder Used In This Study 

 

3.2.2 Copper Aluminum Oxide (CuAlO2)   

A transparent conducting oxide (TCO) is a class of materials that simultaneously 

exhibit electrical conductivity and high optical transparency, particularly in the visible 

and near-infrared (NIR) spectral regions. Common examples include indium tin oxide 
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(ITO), aluminum-doped zinc oxide (AZO), and fluorine-doped tin oxide (FTO). Owing 

to these unique properties, TCOs are widely employed in touchscreens and display 

technologies, solar cells, light-emitting diodes (LEDs), and optical modulators. In laser 

and photonics research, TCOs are especially attractive because they combine optical 

transparency with efficient charge transport, enabling the development of multifunctional 

and integrated photonic components. 

Copper aluminum oxide (CuAlO2) refers to a family of mixed metal oxides 

composed of copper (Cu), aluminum (Al), and oxygen (O), among which CuAlO₂ is the 

most extensively studied. CuAlO₂ crystallizes in the delafossite structure and is notable 

as one of the few p-type transparent conducting oxides, making it highly valuable for 

electronic and photonic applications. Copper-based oxides have also been reported to 

exhibit nonlinear optical absorption and show good compatibility with polymer host 

matrices such as polyvinyl alcohol (PVA). These characteristics make them promising 

candidates for use as saturable absorbers in fiber laser systems, enabling Q-switching and 

mode-locking operations. 

Figure 3.3 illustrates the crystal structure of delafossite CuAlO₂. As shown, Cu⁺ 

ions are linearly coordinated by two oxygen atoms (O–Cu–O), forming vertical chains 

along the c-axis, while Al³⁺ ions are octahedrally coordinated by oxygen, forming AlO₆ 

octahedra. These AlO₆ octahedra share edges within the ab-plane, resulting in a layered 

hexagonal (rhombohedral) crystal structure. This layered oxide configuration gives rise 

to a wide optical bandgap, enabling high transparency in the visible and near-infrared 

(NIR) spectral regions. Moreover, the anisotropic nature of the layered structure 

contributes to intensity-dependent optical absorption, which is advantageous for 

nonlinear optical applications. In this study, these properties enable the effective use of 

CuAlO₂ as a saturable absorber for Q-switching and mode-locking operations in fiber 

laser systems. 
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Figure 3.3 Crystal Structure of Delafossite CuAlO₂. The Lattice parameter a 

represents the Basal (Horizontal) Plane, c denotes the Lattice Parameter 

Along The Vertical Stacking Direction, and cz Corresponds To The Height 

of One Structural Block, typically associated with a Single Cu–O Layer. 

 

3.2.3 Chromium gallium carbide (Cr2GaC)   

Chromium gallium carbide (Cr₂GaC) belongs to the MAX-phase family of 

layered ternary carbides with the general chemical formula M₂AX, where M represents a 

transition metal, A is an A-group element, and X denotes carbon. Cr₂GaC exhibits a 

unique nanolaminated hexagonal crystal structure composed of alternating Cr–C 

octahedral layers and Ga atomic layers. This layered architecture endows Cr₂GaC with a 

combination of metallic-like electrical conductivity and ceramic-like thermal and 

chemical stability. Owing to its anisotropic electronic structure and strong light–matter 

interaction, Cr₂GaC demonstrates nonlinear optical absorption behavior, including 

intensity-dependent transmission, which is a fundamental requirement for saturable 

absorber operation. In addition, Cr₂GaC offers broadband optical response, fast carrier 

recovery dynamics, and a relatively high damage threshold, making it suitable for high-

power and ultrafast laser applications. When incorporated into a polymer host matrix such 

as polyvinyl alcohol (PVA), Cr₂GaC can be conveniently processed into flexible thin-

film saturable absorbers with good mechanical integrity and optical uniformity. These 

advantageous properties enable the effective utilization of Cr₂GaC as a saturable absorber 

for passive Q-switching and mode-locking in erbium-doped fiber laser systems, 

facilitating the generation of stable pulsed laser outputs. 
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Figure 3.4 shows the crystal structure of a MAX-phase material with the general 

formula M₂AX, which is the structural family to which Cr₂GaC belongs. The layered 

nanolaminated architecture gives rise to strong anisotropy and underpins the unique 

metallic–ceramic hybrid properties and nonlinear optical response of Cr₂GaC. 

 

 

Figure 3.4 Crystal Structure of a MAX-Phase Material With The General Formula 

M₂AX (illustrated for Cr₂GaC). The structure consists of alternating M–X 

Octahedral Layers (Green: M = Cr; Blue: X = C) and A-Element Atomic 

Layers (Purple: A = Ga) Stacked Along the C-Axis. 

 

3.3 Fabrication of SA 

Saturable absorbers (SAs) are conventionally fabricated using techniques such as 

electrochemical exfoliation, evanescent-field coupling structures, and mechanical 

exfoliation. However, these approaches often suffer from inherent limitations that may 

adversely affect pulsed laser performance, including structural fragility, polarization 

sensitivity, and limited interaction length. To address these challenges, the embedding 

method was adopted in this work to fabricate the SA films, as it offers advantages such 

as polarization-insensitive operation, enhanced light–matter interaction, and precise 

control over the SA concentration. This section presents a step-by-step description of the 

thin-film SA preparation process. Owing to its simplicity, low cost, and scalability, the 

solution casting technique was employed for SA film fabrication. In this approach, 

CuAlO₂ (or Cr₂GaC) powder was dispersed within a PVA matrix to form a composite 

thin film. PVA serves as an effective host polymer for high-performance SA fabrication 

due to its excellent film uniformity, good mechanical stability and tensile strength, ease 

of emulsification, high water solubility, and low material cost, which are advantageous 
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for large-scale SA production. Further details on the fabrication procedures of both 

CuAlO₂ and Cr₂GaC SAs are provided in the following subsections. 

 

3.3.1 Preparation of the CuAlO2 film 

Polycrystalline CuAlO2 samples were synthesized via solid-state reaction. 

Copper oxide (Cu2O) and aluminum oxide (Al2O3) were weighed according to the 

stoichiometric ratio and combined in a molar ratio of 1:1.1. The mixture was 

mechanically ground for 30 minutes using an agate mortar and pestle. The resulting 

blend was placed in a ceramic tube, which was sealed with ceramic paste. The tube was 

then heated in an oven at 1000°C for 10 hours. The produced nano-powder was used to 

fabricate a CuAlO2 thin film. First, a CuAlO2 liquid solution was prepared by 

ultrasonicating 300 mg of CuAlO2 nano-powder in 10 ml of deionized (DI) water to 

achieve a 3 wt.% solution concentration. Next, 10 ml of the CuAlO2 liquid was mixed 

with PVA, and the mixture was continuously stirred at 60°C until the volume was 

reduced to 5 ml. The CuAlO2-PVA mixture was then transferred into a glass Petri dish 

and placed in an oven at 60°C for 3 hours to form a thin CuAlO2-PVA film. Figure 3.5 

presents a step-by-step procedure for preparing the CuAlO2 film. It was fabricated using 

a solution-casting approach under controlled concentration and drying conditions, 

ensuring reproducible nonlinear absorption characteristics across multiple batches. The 

inset shows an image of the film after it has been carefully detached from the Petri dish. 

To minimize environmental effects, the films were encapsulated in the ferrule–ferrule 

connector setup and stored under ambient laboratory conditions, where no degradation 

was observed during several weeks of testing. For long-term applications, protective 

encapsulation methods (e.g., epoxy or hermetic sealing) may be employed to further 

enhance environmental stability. The film thickness, measured using an optical 

micrometre, is approximately 80 μm. 
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Figure 3.5 The Procedure for Preparing The CuAlO2-PVA Film. The Inset Figure 

Displays an Image of the Produced Film. 

 

3.3.2 Preparation of the Cr2GaC film 

The Cr2GaC film SA was fabricated through a solution-casting method where 

the Cr2GaC MAX phase powder was mixed into a PVA solution. The complete 

fabrication process is illustrated in Figure 3.6. Initially, PVA solution was prepared in a 

1:1 ratio by diluting 1 g of PVA powder (Sigma Aldrich, CAS: 9002-89-5) into 100 ml 

of deionized water and undergoing stirring for about 2 hrs at 400 rpm to ensure complete 

dissolution. Then, 2.5 mg of Cr2GaC powder was mixed with 5 ml of the PVA solution 

and stirred for 48 hrs at 400 rpm until uniformly combined. The homogeneous solution 

was then transferred into a petri dish for drying. The mixture took about 72 hours to dry 

at room temperature. The final product forms a Cr2GaC film SA with a thickness of 

approximately 50 micrometres as shown in the inset figure. To verify the physical 

uniformity and thickness profile of the cast CuAlO2-PVA and Cr2GaC-PVA thin films, 

non-contact cross-sectional dimensional profiling was conducted using a high-precision 

optical micrometer [Keyence LS-9000 series]. Unlike mechanical micrometers which 

can physically compress, distort, or pierce the fragile polymer-matrix film, the optical 
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micrometer utilizes a non-contact laser scan or green LED shadow-casting method. The 

thin film sample is placed in the measurement zone where an optical receiver tracks the 

exact boundary lines of the film's physical obstruction profile. This non-contact 

technique guarantees sub-micron resolution measurements of the final 80µm thick 

saturable absorber arrays without altering their structural integrity. 

 
Figure 3.6 Complete Fabrication Flow for Cr2GaC Film SA. 

 

3.4 Characterization of the prepared thin film SA 

The characterization process evaluates the suitability of the fabricated SA’s thin 

films for both Q-switching and mode-locking operations. The elemental composition of 

the SA films was analysed using energy-dispersive X-ray spectroscopy (EDS), while 

their surface morphology and microstructural features were examined using field-

emission scanning electron microscopy (FESEM). This section also presents a brief 

discussion of the linear absorption profiles and nonlinear optical properties of the SAs, 

which are essential for understanding their absorption behaviour across a broad near-

infrared (NIR) spectral region. 

CuAlO₂ and Cr₂GaC thin-film SAs were fabricated using the solution-casting 

method with PVA as the host polymer as described in the previous section. The physical 

characteristics of the fabricated SAs were investigated using FESEM and EDS to provide 

detailed insight into the film morphology and to confirm the elemental composition of 

the SA layers. Prior to incorporation into the laser cavity, the optical properties of the SA 
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thin films were also examined using homemade linear and nonlinear absorption 

measurement setups. The linear absorption setup, illustrated in Figure 3.7 (a), consists of 

a white-light source coupled to an optical spectrum analyser (OSA). Linear absorption 

over a wide wavelength range from approximately 600 to 1700 nm was determined by 

comparing the output spectra of a reference single-mode fiber (without SA) and the 

system with the SA inserted. These measurements were conducted at low input power 

levels to evaluate the intrinsic linear absorption characteristics of the fabricated SAs 

across the broad operating wavelength range. 

 

 

Figure 3.7 Experimental Setups For (a) Linear Absorption, and (b) Nonlinear 

Absorption Characterization. 

 

Nonlinear absorption measurements were carried out using the twin balanced 

detector technique, and the corresponding experimental setup is illustrated in Figure 3.7 

(b). To evaluate the nonlinear optical absorption characteristics of the fabricated SAs, a 

homemade measurement system was employed. A stable mode-locked pulse source was 

first established and used as the excitation signal. The output pulses were subsequently 

amplified using an erbium-doped fiber amplifier (EDFA) and then passed through a 
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variable optical attenuator to precisely control the incident optical intensity. The 

attenuated signal was directed into a 3 dB optical coupler, which split the optical power 

equally (50:50). One output arm was routed through the SA under test for nonlinear 

absorption assessment, while the other arm propagated through a length of SMF patch 

cord to serve as the reference signal. 

The intensity-dependent absorption of the fabricated SAs was analysed using Eq. 

(3.1) to extract the key nonlinear optical parameters, namely the modulation depth 

(saturable absorption), non-saturable absorption, and saturation intensity. 

𝛼(𝐼) =
𝛼𝑠

(1 +
𝐼

𝐼𝑠𝑎𝑡
)

+ 𝛼𝑛𝑠 (3.1) 

where 𝛼(𝐼) denotes the intensity-dependent absorption, 𝛼𝑠 is the saturable 

absorption (modulation depth), 𝛼ns represents the non-saturable absorption, 𝐼 is the 

incident optical intensity, and 𝐼sat is the saturation intensity. These nonlinear optical 

parameters were evaluated for all fabricated SAs to assess their suitability for passive Q-

switching and mode-locking operations. SAs with adequate modulation depth and 

appropriate linear absorption are essential for achieving stable Q-switched and mode-

locked laser performance. 

 

3.5 Laser Configuration 

The laser configuration implemented for Q-switching and mode-locking 

operation is shown in Figure 3.8. The system operates in the 1.5 μm wavelength region, 

employing erbium-doped fiber (EDF) as the gain medium. A 980 nm laser diode (LD) 

serves as the pump source and is coupled into the EDF through a 980/1550 nm 

wavelength-division multiplexer (WDM). An optical isolator is incorporated to enforce 

unidirectional light propagation within the ring cavity, thereby protecting the resonator 

from unwanted back reflections and instability. 

A small section of the fabricated SA film, with an approximate size of 1 mm × 1 

mm, was cut and sandwiched between two clean FC/PC fiber ferrules to form a fiber-

compatible SA device. A small amount of index-matching gel was applied at the fiber–

film interfaces to secure the thin film and suppress parasitic reflections. The SA device 

was then integrated into the laser cavity by splicing it into the fiber ring. An output 

coupler was used to extract a fraction of the laser output while allowing the majority of 

the optical power to continue oscillating within the cavity. 
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Figure 3.8 Schematic of the Erbium-Doped Fiber Laser (EDFL) Cavity Employed In 

This Study for the Generation of Q-Switched and Mode-Locked Pulses Using A 

Passive Modulation Technique Based on a Thin-Film SA. 

 

The SA dynamically modulates the intracavity loss and quality factor (Q-factor), 

enabling optical energy to accumulate within the cavity before being rapidly released 

in the form of short laser pulses. No polarization controller (PC) was employed in the 

cavity to minimize insertion loss and simplify the laser configuration. All fiber 

connections were fusion-spliced, except for the SA device, which utilized fiber ferrules 

for film integration. 

Spectral characteristics of the generated pulses were analyzed using an optical 

spectrum analyzer (OSA). The temporal behavior of the Q-switched and mode-locked 

pulses was monitored using a digital storage oscilloscope in conjunction with a radio-

frequency (RF) spectrum analyzer equipped with an InGaAs photodetector. The 

average output power of the pulse train was measured using an optical power meter 

with an InGaAs power head. For the laser cavity characterization loop, the temporal 

pulse train was captured via a high-speed InGaAs Photodetector (Thorlabs, Model 

DET01CFC) paired with a 500MHz Digital Oscilloscope (Tektronix, Model 

TDS3054C). The corresponding spectral profile was monitored using an Optical 

Spectrum Analyzer (Yokogawa, Model AQ6370D). Frequency domain metrics and 
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radio-frequency purity were validated utilizing a RF Spectrum Analyzer (Anritsu, 

Model MS2692A), while average output capacities were quantified using an Optical 

Power Meter (Thorlabs, Model PM100D). Ultra-short pulse durations in the picosecond 

regime were confirmed via a commercial Optical Autocorrelator (APE, Model 

PulseCheck). 

 For mode-locking operation, the cavity length was extended by incorporating an 

additional spool of single-mode fiber (SMF). Increasing the cavity length enhances the 

balance between dispersion and nonlinear effects, thereby facilitating stable mode-

locked pulse generation. The ultrafast pulse duration, in the picosecond or femtosecond 

regime, was characterized using an autocorrelator. While the p-type delafossite oxide 

CuAlO2 thin film demonstrated excellent high-energy extraction capabilities in the Q-

switched regime, exploring alternative robust crystalline structures is vital to expanding 

cavity versatility. Consequently, the next section evaluates the implementation of a 

ternary MAX-phase compound, Chromium Gallium Carbide Cr2GaC, to investigate its 

potential in driving both bright and dark pulse mode-locked architectures. 

3.6 Summary 

This chapter presents a detailed description of the research methodology 

employed in this study. The fabrication procedures of both CuAlO₂- and Cr₂GaC-based 

SAs, using polyvinyl alcohol as the host polymer, are systematically explained. The 

preparation processes and characterization objectives are also outlined. Physical 

characterization was conducted on all fabricated SAs, where FESEM was used to obtain 

high-resolution images of the surface morphology, enabling detailed analysis of particle 

distribution within the films. In addition, energy-dispersive X-ray spectroscopy (EDS) 

was employed to confirm the elemental composition of the SA films.  

While the transition from bulky organic dyes to low-dimensional nanomaterials 

(such as graphene, TMDs, and topological insulators) has significantly advanced ultrafast 

laser physics, a critical evaluation of the current state-of-the-art reveals two distinct 

Research Gaps: The Material Resilience vs. Performance Trade-off: Conventional 2D 

saturable absorbers are structurally fragile. Materials with high modulation depths (e.g., 

black phosphorus) undergo rapid ambient oxidation and possess low optical damage 

thresholds, leading to device ablation under high-power intra-cavity dynamics. 

Conversely, structurally rugged materials often suffer from low optical nonlinearity or 

high non-saturable insertion losses. There is a critical gap in the literature for an SA 
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material that simultaneously delivers extreme atmospheric stability, a high thermal 

damage threshold, and giant optical non-linearities. Secondly, Cavity Architecture 

Limitations: Most stable mode-locked operations documented in recent scholarship 

require complex, specialized cavity layouts or active polarization management to survive 

the physical degradation of the SA. There is a clear lack of systematic studies validating 

materials that can drive both bright soliton and highly demanding dark pulse regimes 

within a simple, uncompensated, standard traveling-wave fiber ring configuration. 

The linear and nonlinear optical absorption characteristics of the SAs are further 

discussed, as these parameters are critical in determining their suitability for passive Q-

switching and mode-locking operations. To function effectively in an EDFL cavity, the 

SAs must exhibit adequate linear absorption and sufficient modulation depth. Finally, the 

laser cavity configurations designed for Q-switched and mode-locked pulse generation 

operating in the 1.5 μm wavelength region are described.  
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CHAPTER 4  

RESULTS AND DISCUSSION I: COPPER ALUMINUM OXIDE–

BASED Q-SWITCHING AND MODE-LOCKING 

4.1 Introduction 

 As a key representative of third-generation laser technology, fiber lasers are 

extensively utilized in both industrial and scientific applications, accounting for a 

substantial share of the commercial laser market (Ahmad, H., & Harun, S. ,2016) , 

Nizamani, B., & Harun, S. W.,2020),. They can operate in either continuous-wave or 

pulsed modes. Pulsed fiber lasers, with their short pulse widths and high pulse energy, 

are particularly valuable for nonlinear and ultrafast optics applications like 

communications (H. H., & Jalal Abdulrazzaq, M., 2023 ), optical sensing ( Jasem, & 

Abdullah, 2023), and laser processing (Kadir, & Ismail,2017 ). Q-switching (QS) and 

mode-locking (ML) are two key techniques for generating pulses. QS works by 

modulating the laser cavity’s quality factor (Q), releasing stored energy in microsecond-

duration pulses with kilohertz repetition rates(Keller, U.,2003). . Mode-locking, on the 

other hand, synchronizes the laser cavity modes, producing shorter pulses with higher 

peak power but lower pulse energy compared to QS. These techniques can be realized 

actively or passively, with passive methods gaining popularity due to their compactness, 

flexibility, simplicity, and lower cost. Unlike active methods, passive techniques utilize 

a saturable absorber (SA) placed in the resonator to generate laser pulses without the 

need for complex optical modulators or electronic drivers. As such, SA materials are 

crucial to the development of passive pulsed lasers (Latiff, & Kadir, 2017). 

Semiconductor SA mirrors (SESAMs) were extensively studied in the past and 

are considered a mature technology as a pulse transducer with widespread use in 

commercial laser systems, particularly in solid-state lasers (Lau, & Latif, , 2017). 

However, they are costly to manufacture and have a limited operational bandwidth 

(typically a few tens of nanometers), restricting their use in fiber laser systems. As a 

result, research has shifted toward low-dimensional carbon nanostructures, such as 

graphene, as promising SAs due to their advantages, including low saturation intensity, 

fast recovery time, and low cost (Chung, H., & Lee, J. H.,2016). . For example, Fu et 

al. demonstrated broadband ultrafast pulse generation at 1035, 1564, and 1908 nm using 
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a graphene SA device (Otto, A., & Schmidt, M. (2011).  ). This success has driven 

further investigation into other graphene-like 2D materials, including black phosphorus 

(Sun, Z., & Zhang, L.2019), topological insulators (Chen, Z., & Wang, J. ,2018), MAX 

phase materials (Zhao, Q., & Liu, W,2024). , and transition metal dichalcogenides (Liu, 

H., & Chow, K. ,2014. ,  Liu, H. H., & Chow, K. K. 2014). ). Additionally, significant 

research efforts have focused on developing new SAs based on emerging materials such 

as organic and polymer compounds (Liu, X., Wang, 2020,Xu, & Chen, 2024 ,61. Liu, 

& Zhang,  2011). A practical SA device should be robust, cost-effective, and suitable 

for mass production. The choice of an SA for a specific application depends on factors 

such as modulation depth, response time, and saturation intensity. The pursuit of new 

and high-performance SAs remains an active research area, particularly for applications 

in ultrafast photonics and nonlinear optics. 

Recently, there has been rising interest in transparent-conducting oxides (TCOs) 

owing to their various potential applications. These materials are electrically conductive 

and exhibit relatively small absorption of electromagnetic waves in the visible 

spectrum. Typically fabricated using thin film technologies, TCOs are commonly 

deployed in opto-electrical devices such as opto-electrical interfaces, solar cells, light-

emitting diodes, displays, and semiconductor lasers (Maiman,1960). Copper-based 

delafossite oxides are particularly promising candidates for p-type TCOs, which are 

crucial for enabling transparent semiconductor applications. In the previous work, Salah 

et al. reported the low-energy electronic structure of Copper Aluminum Oxide (CuAlO2) 

using angle-resolved photoemission spectroscopy (Malik, & Rohrer,2023 ). It was also 

reported bandgap size of CuAlO2 range 1.9 eV to 13 eV.  

This chapter presents a novel laser application of a CuAlO₂-based device, 

demonstrating its effectiveness as a SA for generating stable passive Q-switched and 

mode-locked pulses on EDFA. The preparation and fabrication of the SA device were 

described in the preceding chapter. Based on the research methodology outlined therein, 

lasing experiments were carried out to experimentally validate copper aluminum oxide 

(CuAlO₂) as an SA for both Q-switched and ultrafast mode-locked pulse generation in 

an erbium-doped fiber laser (EDFL) cavity. The performance characteristics of the 

resulting pulsed laser operations are systematically investigated and discussed in this 

chapter. 
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4.2 Characteristics of the CuAlO2 film.  

The fabricated CuAlO2-PVA film was analyzed using advanced techniques 

including Energy Dispersive X-ray Spectroscopy (EDX), Field Emission Electron 

Microscopy (FESEM), and X-ray diffraction (XRD). The EDX analysis shown in 

Figure 4.1 (a) examined the elemental composition of the film, identifying a dominant 

presence of carbon (C), oxygen (O), copper (Cu), and aluminum (Al). The carbon 

content mainly comes from the PVA matrix. The inset of Figure 4.1 shows the FESEM 

image of the prepared CuAlO₂–PVA film, revealing a uniform surface morphology that 

confirms the homogeneous dispersion of CuAlO₂ particles within the PVA matrix. Such 

homogeneity significantly enhances the film’s effectiveness as a saturable absorber 

material. The film thickness, measured using an optical micrometer, is approximately 

80 µm.FESEM analysis on 0.3 g/ 10ml CuAlO2 SA carbon at 56% of weight with 0.7 

omega, Oxygen 42.4% of weight with 0.7 omega, copper 42.4% of weight with 0.3 

omega, aluminium 42.4% of weight with 0.1 omega. It even undergoes XRD analysis.  

XRD data were obtained using a Bruker D4 Endeavor Advance diffractometer 

across the angular range of 10°–80° with CuKa radiation (λ = 0.154178 nm), a counting 

time of 2s per step and a step size of 0.02°. The resulting patterns were matched with 

the JCPDS Cards using the Bruker Eva program to confirm the reaction’s completion. 

The XRD pattern of the synthesized CuAlO2 sample is displayed in Figure 4.1 (b). The 

observed peaks correspond to the delafossite structure of CuAlO2, with a pronounced 

orientation observed along multiple planes, including (006), (101), and (012). These 

peaks are consistent with the characteristics of pure delafossite CuAlO2, as indicated by 

JCPDS Card No. 35-1401. CuAlO2 crystallizes in a hexagonal close-packed lattice with 

the 3R polytype, where Al³⁺ ions occupy the centres of trigonally distorted octahedra, 

which are linked by edge-sharing to form infinite AlO2 sheets in the (001) planes. 
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Figure 4.1 (a) EDX Analysis Results, with an Inset Showing the FESEM Image at 

3000x Magnification. (b) XRD Pattern of CuAlO2. 

 

The linear absorption properties of the CuAlO2-PVA film were evaluated by 

passing photons from a white light source through the SA film and measuring the output 

utilizing an optical spectrum analyzer (OSA, MS97010C Anritsu) as described in the 

previous chapter. The results are shown in Figure 4.2 (a), where an absorption of 2.11 

dB is observed at a wavelength of approximately 1560 nm. To assess the nonlinear 

absorption of the CuAlO2 film, a balanced twin-detector system was employed. 

Achieving accurate modulation depth measurements required the light incident on the 

CuAlO2 film to reach the material's saturation point, necessitating high peak power. For 
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this, an ultrafast fiber laser with 1.5 ps pulse duration was used as the light source. The 

laser operated at wavelength of 1562 nm.  

To evaluate the nonlinear optical properties of the CuAlO₂ film, the laser output 

was passed through an optical amplifier and a variable optical attenuator (VOA), which 

controlled the incident beam power. A 3 dB coupler split the beam equally, with one 

path directed to a power meter as a reference and the other passing through the CuAlO₂ 

film before reaching a second power meter. The resulting nonlinear absorption curve 

was fitted using the standard saturable absorption model as described in Eq. (3.1) in the 

previous chapter  (Mansor, &  Zainol Abidin,2022 ). 

The fitting results, shown in Figure 4.2 (b), revealed a modulation depth of 4.1%, 

a saturation intensity of 4 kW/cm², and a non-saturable loss of 33.5%. These findings 

confirm that the CuAlO₂ film exhibits intensity-dependent absorption—transmitting 

more light at low intensities and saturating at higher intensities. This behavior enables 

its use for modulating intra-cavity losses in Q-switching and mode-locking applications. 

The saturable absorption in CuAlO2 is likely associated with intrinsic defect levels and 

carrier dynamics, such as oxygen vacancies and mixed Cu1+/Cu2+ states, which enable 

bleaching under high optical intensities. 

The modulation depth and non-saturable absorption of the candidate’s saturable 

absorber are typically determined using a nonlinear optical transmission measurement, 

commonly performed with the balanced twin-detector method or a power-dependent 

transmission setup. In this method, ultrashort laser pulses are directed onto the saturable 

absorber while the incident intensity is gradually increased. The transmitted power is 

then recorded as a function of input intensity. 

The experimental data are fitted using the standard saturable absorption 

equation:  

α(I)=
α0

(1+
I

Isat
)
+ αns 

(4.1) 

where ΔT is the modulation depth, I_sat is the saturation intensity, and T_ns is the non-

saturable absorption loss. 

Modulation depth represents the maximum change in absorption between low 

and high optical intensity. It indicates how effectively the material can modulate 

intracavity loss for pulse generation. Non-saturable absorption refers to the residual loss 
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that does not decrease even at high intensity, usually caused by scattering, defects, 

imperfect film formation, or intrinsic linear losses. Therefore, the candidate likely 

measured these parameters by fitting the measured transmission curve from the 

nonlinear absorption experiment. 

 

 
Figure 4.2 (a) Linear, and (b) Non-Linear Absorption Characteristics 

 

 

4.3 Laser configuration 

To evaluate the CuAlO₂ film’s effectiveness as both a Q-switcher and mode-

locker, an erbium-doped fiber laser (EDFL) cavity was constructed, as shown in Figure 

4.3. A 980/1550 nm wavelength-division multiplexer (WDM) coupled a 980 nm pump 

laser diode (LD) into the cavity, with a maximum output power of 280.12 mW. The gain 

medium comprised 0.7 m of erbium-doped fiber (EDF), featuring an absorption 

coefficient of 68 dB/m at 980 nm and a group velocity dispersion (GVD) of –22.7 
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ps²/km. A polarization-independent isolator ensured unidirectional light propagation, 

and laser output was extracted via the 10% port of a 10 dB coupler. For mode-locking 

operation, 100 m of single-mode silica fiber (GVD: –21.9 ps²/km) was added, extending 

the total cavity length to approximately 102.7 m. The ring cavity consisted of 0.7 m 

EDF, 2 m of WDM fiber, and 100 m of single-mode fiber, operating in the anomalous 

dispersion regime with a total group delay dispersion of –2.28 ps². Pulse 

characteristics—including temporal profile, optical spectrum, and frequency 

spectrum—were analyzed using an autocorrelator, optical spectrum analyzer (OSA), 

and radiofrequency (RF) spectrum analyzer, respectively. A 350 MHz oscilloscope 

coupled with a 5 GHz photodetector (PD) was also used to monitor the pulse 

train.Although the measured saturation intensity (Isat) was obtained, no clear 

correlation between Isat and the pulse performance was observed. This suggests that 

other parameters such as modulation depth and non-saturable absorption may play a 

more significant role in determining the laser operation stability. 

 

 
Figure 4.3 Schematic of the Proposed EDFL Incorporating A CuAlO2 Film as a SA. 

an Additional 100 m Spool of Single-Mode Fiber was Included To Enable 

Mode-Locking Operation. 
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4.4 Q-switching performance  

To evaluate the cavity's ability to generate pulses without the CuAlO₂-based SA, 

the film was initially removed. Across a wide range of pump powers, only continuous-

wave operation was observed, with no indication of self-pulsing. Continuous-wave 

lasing commenced at a pump power of 72.14 mW. Upon reinserting the CuAlO₂-PVA 

film using a sandwich-structured ferrule platform, stable Q-switched pulses were 

achieved once the pump power reached 132.15 mW, and the Q-switching regime 

remained stable up to 210.62 mW. At 210.62 mW, the Q-switched laser produced a 

consistent pulse train with a 11.8 µs interval, corresponding to a repetition rate of 84.96 

kHz, as shown in Figure 4.4 (a). The corresponding RF spectrum in Figure 4.4 (b) 

exhibits multiple harmonics, with a fundamental frequency at 84.96 kHz and a signal-

to-noise ratio (SNR) of 57.8 dB, confirming the pulse stability. The discrepancy happens 

because of a classic rounding limitation on digital storage oscilloscopes. When the 

oscilloscope cursor measures a pulse interval of 11.8 µs, it is rounding the raw internal 

value to 3 significant figures. However, the internal hardware counter calculates the 

frequency directly from the unrounded time period. 

 The optical spectrum, displayed in Figure 4.4 (c), shows a central wavelength 

of 1563.3 nm. To further verify the stability of the CuAlO₂-based Q-switched EDFL, 

the output spectra were recorded over a 100-minute interval at 10-minute steps, as 

shown in Figure 4.4 (d). All spectra were consistent, maintaining a central wavelength 

of 1563.3 nm with a full-width half-maximum (FWHM) of 1.5 nm, confirming stable 

Q-switching performance. Notably, the setup operated without a polarization controller, 

as polarization adjustments had minimal influence on both the pulse train and spectral 

characteristics.  
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Figure 4.4 (a) Oscilloscope Trace, (b) RF Spectrum with a span of 1000 kHz, (c) 

Output Spectrum, and (d) Output Spectrum Measured Over Time. 

 

Figure 4.5 summarizes the variation of laser performance with the change of 

pump power. Figure 4.5 (a) shows the average output power, and single-pulse energy 

against pump power. The Q-switching operation stayed stable as the pump power 

escalated from 132.15 mW to 210.62 mW, with the average output power rising nearly 

linearly from 1.94 mW to 3.7 mW. Higher pump power resulted in greater gain, leading 

to increased pulse energy due to faster accumulation of Q-switched pulses. The 

maximum single-pulse energy achieved was 43.55 nJ. Figure 4.5 (b) depicts the 

dependence of the pulse repetition rate and width on pumping strength. Unlike mode-

locked fiber lasers, where the repetition rate is fixed by the cavity length, the repetition 

rate of Q-switched pulses varies with the saturation level of the SA. As a result, the 

repetition rate increased from 66.09 kHz to 84.96 kHz as the pump power rose from 

132.15 mW to 210.62 mW. This increase in repetition rate is attributed to the SA's faster 

saturation under higher pump power. In addition to the measured slope efficiency of 

1.95%, the rise in pump power enhanced the photon density growth rate, which governs 

the energy storage duration. This led to the formation of faster pulses and a 

corresponding increase in repetition rate. To comprehensively analyze the temporal 
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features of the Q-switched laser cavity, the evolution of pulse width and repetition rate 

was scrutinized as a function of incident pump power. Quantitatively, as the pump 

power escalated from 132.15 mW to 210.62 mW, a sharp contraction in the time-domain 

profile was observed, where the pulse width shrank from 6.31 μs down to 5.03 μs. This 

systematic reduction provides a compelling, textbook confirmation of a strict inversely 

proportional relationship dictated by passive Q-switching governing theory. 

 

 
Figure 4.5 Q-Switched Laser Performance Showing (a) Output Power and Pulse 

Energy as Functions of Pump Power, and (b) Repetition Rate and Pulse 

Width Versus Pump Power. 

 

A key metric dictating the operational efficiency of the passive Q-switched laser 

is its slope efficiency, which was graphically and mathematically evaluated to be 1.95% 

for the CuAlO2-PVA saturable absorber configuration. While this value appears modest, 

it strictly reflects the complex, multi-variable interplay and balance between the total 

intra-cavity insertion losses introduced by the polymer film and the designated output 
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coupling ratio (90:10). The inclusion of a host matrix film inherently brings about non-

saturable scattering losses, scattering at the fiber ferrule interfaces, and localized 

material absorption. Despite these loss channels, a steady slope efficiency of 1.95% 

indicates that the 10% output coupler successfully extracts a stable portion of coherent 

light without over-damping the cavity gain. This demonstrates that the insertion loss of 

the fabricated CuAlO2 transducer is sufficiently optimized, preventing the laser from 

dropping below the threshold or suffering from severe thermal lensing, thereby 

preserving the structural integrity of the pulse-shaping mechanism during prolonged 

optical extraction. 

The performance of the proposed CuAlO₂-based Q-switched fiber laser was 

benchmarked against recently reported passively Q-switched EDFLs employing various 

SA materials, as summarized in Table 4.1. The results show that the CuAlO₂-based SA 

delivers comparable performance to other reported materials, with a notably higher 

maximum repetition rate than most. Further optimization of the fiber cavity design and 

SA parameters is expected to yield even better Q-switching characteristics. Compared 

to alternative SAs such as graphene and other emerging 2D materials, CuAlO₂ offers 

several advantages, including ease of fabrication and robustness. Nonetheless, its 

optical damage threshold may be lower than that of ceramic-based materials such as 

MAX phases and MXenes.  

 

Table 4.1  

Performance Comparison Of Proposed CuAlO2-Based Q-Switched EDFL With Other 

Works. 

SA 

materials 

Mod. 

depth 

(%) 

Wave-

length 

(nm) 

Max. 

Freq. 

(kHz) 

Min. 

Pulse 

Width 

(µs) 

Max. 

Pulse 

Energy 

(nJ) 

Ref. 

Nano-

diamond 

15 1558 127.2 1.565 NA [65] 

Bi2Te3 4.1 1558.1 47.1 1.58 17.8 [66] 

PAN 11.4 1572 66.1 2.43 52 [59] 
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SA 

materials 

Mod. 

depth 

(%) 

Wave-

length 

(nm) 

Max. 

Freq. 

(kHz) 

Min. 

Pulse 

Width 

(µs) 

Max. 

Pulse 

Energy 

(nJ) 

Ref. 

Graphene NA 1522∼15

55 

103 2 40 (Naidu, 

& 

Ahmad

, 2025) 

WS2 2.1 1560 39.37 3.71 126.96 (Naidu, 

& 

Masrur

oh, 

2025) 

Bi2Se3 39.8 1560 68.2 2.4 47.1 ( Hong, 

& Liu, 

2020)  

V2AlC NA 1559 53.55 2.54 57.14 (Omar, 

& 

Rosol, 

2021) 

MoAIB 10.4 1559 82.92 2.14 27.49 (70.

 Pang, 

& 
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Jiang, 

2025) 

CuAlO2 4.1 1563.3 84.96 5.03 43.55 This 

work 

 
 

4.5 Mode-locking performance  

The mode-locking mechanism, achieved by integrating 100 meters of SMF into 

the cavity, generates ultra-short optical pulses through the synchronization of 

longitudinal mode peaks via constructive interference. This approach not only ensures 

stable pulse generation but also results in high repetition rates and ultra-short pulse 

durations, leading to significantly higher peak power compared to other operating 

regimes, such as continuous-wave (CW) and Q-switching. The CuAlO2 inserted into 

the EDFL cavity serves as a mode-locker, enabling the generation of picosecond pulses. 

In this experimental setup, a self-starting pulse sequence was observed at a threshold 

pump power of 141.38 mW, with stable mode-locking maintained up to the maximum 

pump power of 233.7 mW. Removing the CuAlO2 SA from the cavity caused the system 

to transition from mode-locked operation back to CW emission. 

Figure 4.6 (a) displays the relationship between average output power, pulse 

energy, and pump power. As the pump power was increased from 141.38 mW to 233.7 

mW, the output power rose linearly from 1.11 mW to 2.42 mW, with a slope efficiency 

of 1.44%. Meanwhile, the pulse energy increased from 0.62 nJ to 1.35 nJ, as shown in 

Figure 4.6 (a). Both pulse energy and output power exhibited a consistent and 

proportional increase with rising pump power. The maximum achievable output power 

is limited by the available pump power. Employing higher pump powers is expected to 

result in greater output power and higher pulse energy. Pulse energy can also be further 

enhanced through several optimization strategies, such as tailoring the gain medium, 

extending the cavity length, and minimizing intracavity losses. The pulse energy is 

calculated by dividing the average output power by the corresponding repetition rate. 

Extending the optical cavity length lowers the repetition rate of the mode-locked laser, 

which in turn increases the pulse energy. Additionally, the output power can be 

improved by adjusting the output coupler ratio to enable more efficient extraction of 

intracavity energy. 
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Figure 4.6 (b) presents the autocorrelation trace of the mode-locked pulses, 

revealing a pulse width of 3.17 ps, determined using the sech² fitting method. The time-

bandwidth product (TBP) is approximately 0.39, slightly exceeding the theoretical 

transform limit of 0.315, indicating minimal chirping in the output pulses. Figure 4.6 

(c) displays the optical spectrum of the CuAlO2-based mode-locked laser at a pump 

power of 141.38 mW. The mode-locked spectrum has a 3 dB bandwidth of 1 nm and a 

center wavelength of 1560 nm. In comparison to the Q-switched laser, the operating 

wavelength shifts to a shorter wavelength due to the longer cavity length. Finally, Fig. 

7 (d) shows the mode-locked pulse train, which exhibits uniform pulse intensities and a 

consistent pulse interval of 555 ns over a time span of 12,000 µs. These results highlight 

the effectiveness of the CuAlO2-based SA in achieving stable, high-performance mode-

locked operation in the EDFL cavity. 

 

 

Figure 4.6 Analysis of Mode-Locked Laser Parameters (a) Output Power And Pulse 

Energy Versus Pump Power, (b) Autocorrelation Trace, (c) Output 

Spectrum, (d) Typical Oscilloscope Trace. 

 

The correlation between peak power and pump power is illustrated in Figure 4.7 

(a). The peak power reaches a maximum value of 5.07 kW at a 233.7 mW pumping, 

demonstrating the efficient energy conversion and high peak power capabilities of the 

mode-locked laser. The significance of achieving high peak power is particularly 
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relevant for applications such as dermatology and fiber laser-based cutting processes, 

where intense and precise energy delivery is critical. Figure 4.7 (b) displays the RF 

spectrum, measured over an 85 MHz span with a resolution bandwidth of 3 kHz. The 

fundamental repetition rate of 1.792 MHz corresponds precisely to the 555 ns temporal 

separation between consecutive pulses, highlighting the precise synchronization 

inherent to the mode-locking process. The signal-to-noise ratio (SNR) of the 

fundamental mode is measured at 71.75 dB, further confirming the exceptional stability 

of the mode-locked operation. To evaluate the stability of the mode-locked operation, 

the optical spectrum was recorded at 10-minute intervals over a 100-minute duration, 

as shown in Figure 4.7 (c). The spectral shape, intensity, and bandwidth remained 

unchanged throughout the measurement, confirming excellent long-term stability. 

Moreover, consistent results were reproduced in repeated experiments over a two-week 

period, indicating that the proposed CuAlO2-based mode-locked EDFL offers high 

repeatability and durability. The long-term operating stability and amplitude 

consistency of the pulse train were verified via radio-frequency (RF) spectral analysis. 

The laser exhibited a remarkably pristine fundamental frequency peak with a record-

high Signal-to-Noise Ratio (SNR) of 71.75 dB (and 71.70 dB for the Cr2GaC 

configuration). To contextualize this value mathematically, an SNR of ~72 dB signifies 

that any parasitic pulse fluctuations, amplitude modulations, or background electronic 

noise are strictly suppressed by a factor of over 107 (ten million times) relative to the 

fundamental carrier peak power. 
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Figure 4.7 (a) Variation of Peak Power With Pump Power, (b) Corresponding RF 

Spectrum at 233.7 mW. Inset Highlights The Fundamental Mode 

Featuring an SNR of 71.75 dB, and (c) Stability Test Result.  

 

Table 4.2 presents the key parameters obtained in this study, offering a 

comparative overview of mode-locked operations using different SAs. The CuAlO₂-

based SA shows performance on par with others, particularly in terms of pump duration 

and SNR. These results underscore the reliability and effectiveness of the CuAlO₂-based 

SA in achieving stable and high-performance mode-locked operation in the EDFL 

cavity.  
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Table 4.2  

Performance Comparison of Proposed CuAlO2-Based Mode-Locked Lasers With Other 

Works. 

Materials Pump 

Power 

(mW) 

Wave-

length 

(nm) 

Rep. 

Rate 

(MHz) 

Pulse 

width  

OPM 

(mW) 

SNR 

(dB) 

Ref 

SESAM 302 1561.0 5 GHz 3.86 ps 1.37 62.1 (Czyzy

k. 

2018).  

Graphene 45-83 1559.2 15.96 0.589 

ps 

 NA 74 (Pasch

otta, R. 

,2008).  

Carbon 

Nanotubes 

280 1563.2 26.79 73 ps NA 62 ( Popa, 

D., 

Sun, 

2011) 

PANI 113 - 155 1530.8 0.962 228 ns 2.1 – 

3.1 

66.3 ( Liu, 

& Xu, 

2024) 

PAN 87.2 – 

254.1 

1568.4 1.781 3.46 ps 0.75 – 

3.63 

78.89 (Razak

& 

Abdul 

Latiff, 

2017) 

FePc 118.5 – 

149.8 

1531.2 0.9681 2.1 ps  2.75 – 

3.53 

66.17 ( Liu, 

& 

Zhang, 

2011) 

Ta2AlC 95.2 – 

210.62 

1561.7 1.866 3.80 ps 9.38 – 

21.01 

70 (Ren, & 

Wang,  

2015) 
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CuAlO2 141.38 – 

233.7 

1560 1.792 3.17 ps 1.11 – 

2.42 

71.75 This 

work 

 

 

4.6 Chapter summary 

By integrating a developed CuAlO2-based SA into an EDFL cavity, stable Q-

switched and mode-locked pulse generation was successfully demonstrated. The SA, 

fabricated by integrating a conductive oxide material with a polymer matrix to form a 

composite film, was positioned between two fiber ferrules, seamlessly integrating into 

the laser cavity. In the Q-switched regime, stable pulse generation was achieved at a 

wavelength of 1563.3 nm, with pump powers ranging from 132.15 mW to 210.62 mW. 

The maximum repetition rate reached 43.55 kHz, with a minimum pulse width of 5.03 µs 

and a SNR of 57.8 dB. In the mode-locked regime, the CuAlO2-based SA facilitated the 

production of ultrashort pulses at a central wavelength of 1560 nm, with a repetition rate 

of 1.792 MHz. The pump power ranged from 141.38 mW to a maximum of 233.7 mW, 

yielding pulses with a width of 3.17 ps and an SNR of 71.75 dB. At the maximum pump 

power of 233.7 mW, the laser delivered pulses with an energy of 1.35 nJ and a peak 

power of 5.07 kW. These results highlight the exceptional performance and versatility of 

the CuAlO2-based SA, demonstrating its potential as a robust pulse transducer in in fiber 

laser systems. 

CuAlO2-based SA has relatively high minimum pulse width and high pulse 

energy in Q-switch experiment. CuAlO2-based SA has much lower pulse width second 

only to FePc on bright pulse mode-locking experiment suggesting that CuAlO2-based 

SA good for generating pulse laser for scientific application.  
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CHAPTER 5  

RESULTS AND DISCUSSION II: CHROMIUM GALIUM 

CARBIDE–BASED Q-SWITCHING AND MODE-LOCKING 

5.1 Introduction 

In recent years, MXenes have attracted considerable attention due to their 

outstanding optical and electronic properties [75]. Owing to their high electrical 

conductivity and tunable electro-optical characteristics, MXenes have been reported to 

exhibit strong nonlinear optical absorption, making them promising candidates for 

ultrafast pulse generation. For instance, a stable mode-locked laser was demonstrated 

using a MXene-based saturable absorber (SA) fabricated via optical deposition of 

Ti₃C₂Tₓ onto a microfiber [76]. The reported device exhibited a modulation depth of 

11.3% and generated 597.8 fs pulses in an erbium-doped fiber laser (EDFL) oscillator. 

Inspired by the success of MXenes, increasing research attention has been 

directed toward MAX-phase materials, which act as the parent compounds of MXenes. 

MAX-phase materials are generally described by the chemical formula Mₙ₊₁AXₙ, where 

M represents a transition metal (e.g., Mo, Cr, Ta, Nb, V, Hf, Zr, Ti, Sc), X denotes carbon 

and/or nitrogen (with n = 1, 2, or 3), and A corresponds to a group III–VI element such 

as Al, Ga, Si, Ge, Sn, P, or As (Shakaty, A. A., Hmood, 2022). These materials possess 

a distinctive layered atomic structure characterized by a combination of metallic–

covalent and ionic bonding. As a result, MAX phases exhibit a unique synergy of 

metallic and ceramic properties, including high electrical and thermal conductivity, 

good damage tolerance, and high-temperature and oxidation resistance [78]. Such 

attributes are particularly advantageous for laser and photonic applications. Notably, 

MAX-phase Ti₃AlC₂ has recently been reported as an effective saturable absorber for 

mode-locked pulse generation (Shiner, B. 2016). 

In this chapter, Q-switched and mode-locked pulse generations in an erbium-

doped fiber laser (EDFL) cavity are demonstrated using a novel saturable absorber (SA) 

based on chromium gallium carbide (Cr₂GaC). As described in Chapter 3, the SA thin 

film was fabricated by embedding Cr₂GaC within a polyvinyl alcohol (PVA) host 

matrix. Upon integration into the laser cavity, stable Q-switched pulses were generated 

while stable mode-locking was achieved by incorporating an extended length of single-
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mode fiber (SMF) to establish an appropriate balance between dispersion and nonlinear 

effects. The performance characteristics of the generated Q-switched and mode-locked 

pulses are systematically analyzed and discussed in this chapter. 

 

5.2 Characteristics of the Cr2GaC film.  

As described in Chapter 3, the Cr₂GaC-based SA film was synthesized using a 

wet chemical approach, with film formation achieved via the solution-casting method. 

This fabrication technique offers advantages such as simplicity, cost-effectiveness, 

versatility, and precise control over the nonlinear optical properties of the material, 

making it well suited for laser and photonic research applications. In addition, the 

resulting SA film can be readily integrated into fiber laser cavities. An actual photograph 

of the Cr₂GaC film transducer, with an approximate thickness of 50 μm, is shown in 

Figure 5.1(a). A small section of the film, measuring approximately 1 mm × 1 mm, was 

cut and placed onto the end face of a fiber ferrule, as illustrated in Figure 5.1(b). The 

SA device was then completed by coupling it with a second clean ferrule, forming a 

fiber-compatible transducer as depicted in Figure 5.1(c). 

The Cr2GaC film SA was examined for its surface morphology through field 

emission scanning electron microscopy (FESEM) (ZEISS, Model: MERLIN). Figure 

5.1 (d) exhibits the FESEM image at 10-k magnification, revealing the random 

dispersion of Cr2GaC compounds within the host polymer composite. Subsequently, 

Figure 5.1 (e) introduces its elemental composition after identification through energy-

dispersive X-ray spectroscopy (EDS) where it shows the presence of carbon (C), 

chromium (Cr), and gallium (Ga), which coincides with the element proportion in 

Cr2GaC with the acquired spectrum of 32.81 weight %, 32.20 weight % and 25.22 

weight % respectively. The presence of oxygen (O) at 9.76 weight % comes from the 

PVA polymer.The Cr2GaC film SA was could not undergo XRD analysis as the 

equipment were broke down during that time. 
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Figure 5.1 (a) Real Image of Cr2GaC Film Transducer, (b) The Integration of Cr2GaC 

Film Onto The Tip of Fiber Ferrule, (c) Cr2GaC Transducer Mechanism, 

(d) Its Corresponding FESEM Image, and (e) EDX Analysis Results 

 

The Cr2GaC film transducer was further investigated for its optical 

characteristics with linear and nonlinear absorption analysis. The linear absorption setup 

consists of a white light source connected to an optical spectrum analyzer (OSA). This 

setup measures absorption over a wide wavelength range, approximately 600 to 1700 

nm. By comparing the output of a reference single-mode fiber (SMF) without the 

Cr2GaC film to the output with the film inserted, the difference is measured to determine 

the linear absorption. Figure 5.2 (a) illustrates that the Cr2GaC SA demonstrated a nearly 

uniform linear absorption of 5.75 dB at an operating wavelength from 1529.6 nm to 

1531.6 nm. Conversely, the nonlinear characteristics were assessed through the 

balanced twin detector method, utilizing a custom-built mode-locked fiber laser as the 

pump source. This laser operated at a wavelength of 1568 nm, with a frequency of 1.778 

MHz and a pulse width of 4.32 ps. The acquired power-dependent absorption 

measurements were analyzed using the saturation model formula (Eq. 3.1). From the 

fitted data, key parameters such as modulation depth (5.7%), non-saturable absorption 

(60.4%), and saturation intensity (100 MW/cm²) of Cr2GaC transducer were 

determined. Figure 5.2 (b) provides a graphical representation of its absorption profile. 
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Figure 5.2 Optical Characterization of Cr2GaC Film Transducer (a) Linear 

Absorption, (b) Nonlinear Absorption. 

 

5.3 Laser configuration.  

Based on the nonlinear absorption measurement, the Cr2GaC SA has a sufficient 

modulation depth to introduce a self-amplitude modulation in the EDFL cavity at 1560 

nm region. This intensity-dependent loss modulation is exploited in this study to 

generate a stable pulse train in this spectral region through passive Q-switching and 

mode-locking mechanisms. Accordingly, the fabricated Cr₂GaC SA was incorporated 

into a ring-shaped EDFL cavity to function as a Q-switcher or mode-locker, as 

illustrated in Figure 5.3. The EDFL cavity was constructed entirely from single-mode 

fiber components, resulting in a compact, robust, and alignment-free laser system. 

The cavity gain mechanism in this system is facilitated by a fiber amplifier 

comprising a 1.8-meter-long Erbium-doped fiber (EDF), co-pumped by a 980 nm pump 

laser diode. Lasing initiation is achieved by directing 980 nm photons into the EDF 

through a wavelength division multiplexer (WDM). The EDF used in this setup features 

a numerical aperture of 0.16, a core diameter of 4 µm, and exhibits Erbium ion 
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absorption of 23 dB/m at 980 nm. To ensure unidirectional propagation, a polarization-

independent optical isolator is integrated into the cavity configuration. 

To tap out the oscillating laser, an 80:20 coupler was integrated between the SA 

device and WDM coupler. This configuration ensures that 20% of the signal is directed 

towards the output, while 80% serves as feedback within the EDFL cavity. For spectral 

performance analysis, an optical spectrum analyzer (OSA) with high precision 

(ANRITSU: MS9710C) was employed, operating with a resolution of 0.05 nm. 

Temporal analysis was conducted using a digital storage oscilloscope boasting a 

bandwidth of 350 MHz (GWINSTEK: GDS-3352), complemented by a fast 

photodetector featuring a bandwidth of 1.2 GHz (THORLABS: DET01CFC). The 

photodetector was further interfaced with an electrical spectrum analyzer (ANRITSU: 

MS2683A) to monitor the frequency spectrum. To measure the average output power 

accurately, an optical power meter was employed. 

With the current configuration, the laser operates in the Q-switching regime with 

a cavity length of 5.3 m. For mode-locking operation, a 100 m spool of single-mode 

fiber (SMF) was incorporated into the cavity to extend the cavity length, manage 

dispersion, and enhance nonlinear effects. The SMF spool was inserted between the SA 

device and the output coupler. As a result, the complete mode-locked laser cavity has a 

total length of 105.3 m, consisting of 0.5 m of WDM fiber, 1.8 m of erbium-doped fiber 

(EDF), and 103 m of SMF. The net cavity dispersion was calculated to be approximately 

−2.2 ps², ensuring that the EDFL operates in the anomalous dispersion regime. 

Furthermore, an autocorrelator was employed in the experimental setup to enable 

detailed characterization of the pulse width. 
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Figure 5.3 Schematic Representation of the EDFL Employing a Cr2GaC SA. A 100-

Meter-Long SMF is also Inserted Between the SA and Coupler To 

Effectively Manage Dispersion and Enhance Nonlinear Effects, Crucial 

for Achieving Mode-Locking. 

 

5.4 Q-switching performance with Cr2GaC SA  

This section reports the generation of Q-switched pulses from an EDFL 

employing a newly developed Cr₂GaC–based SA. As described in Chapter 3, the SA film 

was fabricated by embedding Cr₂GaC within a PVA host matrix. Upon integration into 

the EDFL cavity, stable Q-switched operation was successfully achieved over a pump 

power range of 25.98 to 53.67 mW. 

Q-switched laser emission commenced once the pump power exceeded 49.06 

mW, marking the threshold for stable pulsed operation. At this threshold, the average 

output power was measured to be 0.83 mW. As the pump power was gradually increased 

to 53.67 mW, the Q-switched regime remained highly stable. Figures 5.4(a–c) illustrate 

the temporal pulse trains obtained at pump powers of 49.06, 62.91, and 72.14 mW. The 

measured pulse intervals are 15.3, 13.5, and 12.9 µs, corresponding to repetition rates of 

65.1, 74.0, and 76.9 kHz, respectively. At the same time, the pulse duration exhibits a 

monotonic reduction, decreasing from 4.82 µs to 4.12 µs and further to 3.75 µs with 
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increasing pump power. This trend indicates that higher pump powers facilitate greater 

energy accumulation in the gain medium, resulting in increased repetition rates and 

shorter pulse durations. The uniform pulse amplitudes observed across the investigated 

pump powers further confirm the efficiency and stability of the Q-switching mechanism.  

 

 

Figure 5.4 Q-Switched Pulse Trains Recorded at Pump Powers of (a) 49.06 mW, (b) 

62.91 mW, and (c) 72.14 mW. 
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The spectral characteristics of the Q-switched pulses are shown in Figure 5.5(a). 

The laser operated at a central wavelength of 1530.6 nm with a 3-dB bandwidth of 1.8 

nm. The absence of noticeable chirping within the spectral profile suggests effective 

suppression of intracavity disturbances. Temporal stability was further evaluated through 

radio frequency (RF) spectral analysis at a pump power of 72.14 mW, as depicted in 

Figure 5.5(b). A fundamental repetition frequency of 76.9 kHz was observed with a 

signal-to-noise ratio (SNR) exceeding 60 dB, confirming the excellent stability of the Q-

switched operation. 

 

 

                                       (a) 

 

                                                       (b) 
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(c) 

 

(d) 

Figure 5.5 Performance Characteristics of the Q-switched EDFL: (a) Optical 

Spectrum, (b) RF Spectrum, (c) Dependence of Pulse Width and 

Repetition Rate on Pump Power, and (d) Output Power and Pulse Energy 

as Functions of Pump Power. 

 

Figure 5.5(c) illustrates the evolution of pulse width and repetition rate as 

functions of pump power. As the pump power increased from 49.06 to 72.14 mW, the 

pulse width steadily decreased from 4.82 to 3.75 μs, while the repetition rate increased 

linearly from 65.1 to 76.9 kHz. This inverse relationship between pulse duration and 

repetition rate is a characteristic feature of Q-switched laser behavior. Additionally, 

Figure 5.5(d) shows the corresponding variations in average output power and pulse 

energy. The output power increased linearly from 1.06 to 1.65 mW, yielding a slope 

efficiency of approximately 2.55%, while the pulse energy rose from 16.28 to 21.45 nJ. 
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When the pump power exceeded 72.14 mW, the Q-switched regime transitioned 

into continuous-wave (CW) operation. This behavior is attributed to the Cr₂GaC-based 

SA reaching a fully saturated state, where it becomes transparent to the circulating 

intracavity light and can no longer support pulse modulation. Notably, reducing the pump 

power back to 72.14 mW immediately restored stable Q-switching, indicating that the SA 

suffered no permanent damage. This observation suggests that the damage threshold of 

the Cr₂GaC SA exceeds the maximum available pump power of 210 mW. Furthermore, 

the laser emission spectrum remained stable over a continuous 2-hour monitoring period, 

demonstrating the robustness and reliability of the Q-switched EDFL under laboratory 

operating conditions. 

Figure 5.6 illustrates the stability of the output spectrum as it was measured within 

60 minutes, with the central wavelength remaining fixed at 1530.6 nm. The spectral 

profile was consistently preserved as the pump power increased from 49.06 to 72.14 mW. 

Such spectral stability is essential for applications requiring high pulse precision, such as 

spectroscopy. Notably, the 3 dB bandwidth of the output spectrum remained constant at 

1.8 nm across all investigated pump power levels, further confirming the robustness of 

the laser operation. 
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Figure 5.6 Output Spectrum Stability Monitored Over A 60-Minute Duration. 

 

Table 5.1 summarizes the key performance metrics of various SAs employed for 

Q-switched pulse generation. These parameters are essential for evaluating the efficiency 

and suitability of each SA for specific applications. The Q-switched EDFL incorporating 

the Cr₂GaC SA demonstrates performance that is comparable to other SA-based systems 

reported in the literature. Notably, the Cr₂GaC-based Q-switched laser operates in the 

shorter wavelength region of around 1530 nm compared with the other materials listed in 

Table 5.1. When compared with a previously reported CuAlO₂-based Q-switched fiber 

laser, the present system exhibits operation at a shorter wavelength, along with a lower 

Q-switching threshold and a shorter pulse duration. However, the earlier work achieved 

a higher pulse energy, which can be attributed to the larger cavity loss introduced by the 

Cr₂GaC film in the current configuration. 
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Table 5.1  

Comparison Of Q-Switched Laser Performance Using The Cr₂GaC SA With Other 

Reported SAs. 

        

Material 

               

Pump 

Power 

(mW) 

 

Wave-

length 

(nm) 

 

Rep. 

Rate 

(kHz) 

 

Pulse 

Width 

(µs) 

 

Output 

Power 

(mW) 

 

SNR 

(dB) 

 Ref. 

 

Nano 

diamond 

   

59–187 

  

1558 

 

77.84–

127.2 

 

4.24–

1.565 

             

– 

      

73 

(Milani, 2015) 

 

PAN-PVA 

 

113.3–

175.9 

  

1572 

    

50–66.1 

 

4.04–

2.43 

        

0.7–3.47 

   

66.1 

(Liu, &., Wang, 

2018)  

 

CaCO₃ 

 

180–270 

  

1561 

 

12.67–

21.3 

 

35.27–

18.74 

             

– 

      

25 

(Silvestroni, 

& Melandri, 2021) 

 

PAN 

powder 

 

61.1–

155.0 

   

1560 

 

33.39–

45.35 

 

8.55–

6.42 

         

3.6–10.9 

 

66.06 

(S. P., & 

Singh, 2007) 

 

MnMoO₄ 

   

28–

312.5 

 

1559.14 

 

24.98–

88.11 

 

15.22–

2.35 

  

0.128–

2.95 

        

– 

 (Song, X., 

Diblawe, 2024) 

 

Cr₂GaC 

 

49.06 – 

72.14 

 

1530.6 

    

65.1 – 

76.92 

 

4.82 – 

3.75 

    

1.06 – 

1.65 

 

60.14 

 This work 

 

5.5 Mode-locking performance with Cr2GaC SA  

Mode-locking is a well-established technique for generating ultrashort laser 

pulses and has been widely applied in areas such as biochemistry, material micro-

processing, optical communications, and metrology, owing to its excellent stability, high 

peak power, and ultrashort pulse duration. Mode-locking can be implemented through 

either active or passive approaches. Compared with conventional active mode-locking, 

the passive technique is generally preferred due to its self-starting capability, simpler 

cavity design, and enhanced environmental stability, with the SA serving as the key 
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enabling component. Passive mode-locking using an SA allows the generation of 

significantly shorter pulses, as the ultrafast recovery time of the SA induces rapid 

intracavity loss modulation. 

In the previous chapter, passive mode-locked laser operation has been 

demonstrated using a conductive oxide–based SA composed of CuAlO₂. In this section, 

we employ a MAX-phase material, Cr₂GaC—where Cr is the transition metal, Ga is the 

group element, and carbon acts as the non-metallic component—as a SA to achieve 

mode-locking in an EDFL. Commercial Cr₂GaC powder was dispersed into a polymer 

solution to fabricate a thin-film SA via a solution-casting method. The resulting film was 

subsequently integrated into a ring EDFL cavity to function as the mode-locker. To the 

best of our knowledge, this work represents the first demonstration of passive mode-

locking in an EDFL using a MAX-phase Cr₂GaC SA. 

Initially, the Cr2GaC SA was temporarily removed from the laser cavity 

configured with additional 100 m long SMF and replaced with a pure PVA film of 

comparable thickness. Under pump power exceeding 32 mW, the laser generated a 

continuous wave (CW) output at 1561.1 nm, as illustrated in Figure 5.7 (a). Despite 

extensive adjustments to the pump power levels, no pulse operation occurred with the 

PVA film. The absence of self-mode-locking or Q-switched phenomena indicated the 

PVA film's inability to induce such effects. Subsequently, upon reintroducing the 

Cr2GaC thin film into the laser cavity, stable mode-locked operation was achieved with 

a threshold power of 53.7 mW. This unequivocally demonstrated that the mode-locking 

effect was solely attributed to the presence of the Cr2GaC material. The unique 

properties of Cr2GaC, including a substantial modulation depth, underscored its 

effectiveness as a mode-locker. The Cr2GaC film exhibited selective transmission 

characteristics, allowing high-intensity modes to pass through while effectively filtering 

out low-intensity modes. Through successive rounds of light propagation, low-intensity 

modes were efficiently filtered, while high-intensity modes became phase-locked, 

culminating in the formation of picosecond pulses within the cavity. Remarkably, mode-

locked operation persisted as the pump power was increased up to 95.2 mW. However, 

an intriguing observation emerged as the pumping strength surpassed this threshold: the 

mode-locked pulses ceased to manifest. 

The output spectrum of the pulses at a pump power of 95.2 mW is depicted in 

Figure 5.7 (a). Operating at a center wavelength of 1558.2 nm, the spectrum exhibits a 

blue shift compared to the CW laser operating under similar pump power conditions. 
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This shift is attributed to increased thin film loss resulting from the doping of Cr2GaC 

compounds. As a consequence, the laser’s operation shifts to a shorter wavelength, 

where higher gain compensates for the increased loss. Furthermore, the optical spectrum 

reveals characteristics of soliton pulses, including Kelly sidebands. This observation 

indicates the generation of solitons within the anomalous dispersion cavity. The 

formation of soliton pulses arises from the intricate interplay among various factors, 

including the total laser gain and loss, nonlinear optical effects, cavity dispersion, and 

the saturable absorption effect induced by the SA. Moreover, pulse broadening is 

observed with the SA film due to the self-phase modulation effect within the laser 

resonator. This effect contributes to the temporal evolution of the pulses, influencing 

their duration and spectral characteristics. 

The pulse train captured in Figure 5.7 (b) reveals a distinct pulse interval of 540 

ns, which can be translated to a pulse rate of 1.82 MHz. This recorded pulse interval 

matches well with the cavity length highlights the laser's stable mode-locked state, a 

crucial aspect of its operational reliability. Figure 5.7 (c) offers a glimpse into the 

frequency spectrum of the laser, obtained across a 100 MHz span with a spatial 

resolution of 3 kHz. The high signal-to-noise ratio (SNR) of 71.7 dB recorded for the 

fundamental frequency serves as compelling evidence of the robust stability inherent in 

the mode-locked operation. The pulse durations depicted in Figure 5.7 (b) appear to 

exceed hundred nanoseconds, attributed to the resolution limitations of the oscilloscope. 

Consequently, an autocorrelator was employed to accurately measure the actual pulse 

duration.  

Figure 5.7 (d) presents the measured autocorrelation trace of the generated 

soliton pulses, revealing a pulse duration of 3.04 ps. The corresponding time–bandwidth 

product (TBP) was evaluated using: 

 

TBP=
τFWHM×λ3dB

λ
2

c 
(5.1) 

 

where 𝜏𝐹𝑊𝐻𝑀 denotes the pulse width, 𝜆3𝑑𝐵 is the 3 dB spectral bandwidth, 𝑐 is the 

speed of light in vacuum, and 𝜆 represents the central operating wavelength. The 

calculated TBP is 0.902, which is considerably larger than the transform-limited value 

of 0.315 for a sech² pulse, indicating that the output pulses are chirped—a behavior 

commonly encountered in mode-locked laser systems. 
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Figure 5.7 (a) Output Spectrum, (b) Typical Pulse Train. Inset shows the Envelope of 

Two-Pulse. (c) RF Spectrum. Inset displays the Fundamental Frequency, 

and (d) Autocorrelator Trace. 

 

By increasing the pumping strength from 53.7 to 95.2 mW, the laser consistently 

generates stable pulses, with the repetition rate fixed at 1.82 MHz, confirming passive 

mode-locking operation. In Figure 5.8 (a), the variation in average output power and 

pulse energy with respect to pump power is illustrated. The pulse power shows a linear 

increase from 3.67 mW to 6.81 mW, indicating a slope efficiency of 7.85% as the pump 

power rises from the threshold of 53.7 to 95.2 mW. Pulse energy, on the other hand, also 

increases from 2.01 nJ to 3.74 nJ as the pump power is varied within this range. The 

pulse energy was calculated by dividing the average power with the repetition 

frequency. Figure 5.8 (b) demonstrates the relationship between peak power and pump 

power, revealing a linear increase from 0.58 W to 1.08 W, as the pump power escalates 

from 53.7 to 95.2 mW.  

To further confirm the stability of the mode-locked EDFL operation, the laser's 

output spectra were monitored over successive 110-minute periods, with each period 

consisting of 10-minute intervals, as illustrated in Figure 5.9. Notably, all output 

samples were obtained under identical conditions. The consistent spectral 
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characteristics observed throughout the observation period, with a central wavelength 

of 1558.2 nm, underscore the robust stability of the mode-locking operation. Moreover, 

peak intensity fluctuations remained within a narrow margin of ± 0.1 dB, further 

confirming the stability of laser operation. Additionally, extended observation through 

oscilloscope traces over a period of three days reaffirmed the sustained stability of the 

pulse trains. During this extended duration, uniformity persisted without any discernible 

fluctuations or noise, providing conclusive evidence of the laser's stable operation over 

an extended timeframe. Table 5.2 compares the Cr2GaC based laser performance with 

the previous reports with other materials. The mode-locking operation utilizing Cr2GaC 

SA exhibits performance comparable to most reported SAs, underscoring the potential 

of Cr2GaC material for ultrafast laser applications. 

 

 
Figure 5.8 The Cr2GaC SA Performance with Pump Power Variation (a) Average 

Output Power and Pulse Energy, and (b) Peak Power. 
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Figure 5.9 The Output Spectrum Evolution Over Time 

 

Table 5.2  

Mode-Locking Performance For Various SA Materials 

SA Max pump 

power 

(mW) 

Rep 

rate 

(MHz) 

Pulse 

width 

(ps) 

Pulse 

energy 

(nJ) 

Output 

Power 

(mW) 

λ (nm) Ref 

Graphene 363 1.85 2.24 0.86 1.6 1562 
(Tiu, 

& 

Sutha

skuma

r, 

2015) 

WS2 250 3.48 2.43 2.12 7.4 1566 (Trava

gnin, 

M. 

,2001)

.  
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BP 250 1.0 2.66 7.35 7.38 1561 (Wadi

& Ab 

Kadir, 

2024) 

Turmeric 305 3.4 0.9 1.67 5.67  1568.4 (Haris

& 

Arof, 

2019) 

Ti3C2Tx 118.5 17.9 0.6 NA 0.3 1564.2 (Salah

& 

Yoon, 

2022) 

Ti3AlC2 97.6 1.8 5.0 4.46 8.34 1559.7  (Shin

2016) 

Nb2AlC 439 6.5 2.8 1.5 9.6 1561.9 (Wadi

& 

Kadir, 

2024) 

Cr2GaC 95.2 1.82 3.04 3.74 6.81 1558.2 This 

work 

 

5.6 Dark pulse generation in mode-locked EDFL using Cr2GaC SA  

Bright pulses, characterized by peaks in intensity, are commonly observed. 

However, dark pulses may also emerge in pulsed lasers under specific conditions, such 

as anomalous dispersion and nonlinear interactions. Unlike bright pulses, dark pulses 
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are identified by a localized dip in intensity against a continuous wave (CW) 

background, appearing as a "dark" area where the intensity drops before returning to its 

background level. Compared to bright pulses, dark pulses are less affected by 

propagation losses. Additionally, while bright pulses with high peak power can lead to 

undesirable nonlinear effects, dark pulses benefit from their lack of energy in the CW 

background, which minimizes pulse degradation during propagation [87]. The 

formation of dark pulses in fiber lasers with net anomalous dispersion is generally 

explained by domain-wall theory. According to this theory, dark pulses arise as 

boundaries between regions of differing intensity levels within the laser cavity. The dark 

pulse represents a low-intensity zone separating two high-intensity areas, and this 

contrast in phase and intensity supports the stable propagation of the dark pulse through 

the fiber [88].  

In the previous section, a stable picosecond mode-locked EDFL with soliton 

pulse generation have been reported utilizing Cr2GaC as a pulse transducer [89]. The 

study employed a 100 m SMF spool to manage dispersion and enhance nonlinear 

effects. On the other hand, further extension of cavity length by 50 m results in the 

generation of dark-pulsed due to strong nonlinearities in the cavity. This section will 

introduce dark pulse mode-locked generation with net anomalous dispersion by 

utilizing Cr2GaC as transducer in EDFL. This is the first demonstration of dark soliton 

generation using Cr2GaC SA. Compared to other SAs [90-92], Cr2GaC offers a simpler 

synthesis process and a moderate modulation depth of 5.7%, making it suitable for 

mode-locking applications. It efficiently modulates cavity loss, facilitating the 

generation of short, intense pulses. Dark pulses, in contrast to bright pulses, offer 

benefits such as reduced nonlinear scattering, higher propagation speed, and improved 

noise resistance, making them ideal for long-distance transmission, precision 

measurement, and other advanced laser applications [20, 22]. 

The experimental configuration for the passively mode-locked EDFL 

incorporating the Cr₂GaC transducer was developed based on the setup shown in Figure 

5.3, with the primary modification being the length of the SMF. To tailor the cavity 

dispersion and strengthen nonlinear interactions, the cavity was extended by adding 150 

m of SMF, replacing the 100 m used in the earlier mode-locked arrangement. As a result, 

the total cavity length reached 157.3 m, comprising 0.5 m of WDM fiber, 1.8 m of EDF, 

and 155 m of SMF. This configuration yields operation in the anomalous dispersion 

regime, with an estimated net cavity dispersion of approximately −2.2 ps². Integrating 
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the Cr2GaC film transducer into the lasing cavity enabled the generation of the dark-

pulsed mode-locked laser as the pump power increased from 83.68 mW to 99.83 mW. 

Exceeding 99.83 mW, the pulse became unstable and gradually diminished, but it 

reappeared once the pump power returned within the specified range. The pulse was 

confirmed to be attributed to Cr2GaC mode-locked, as initial testing without integrating 

the transducer only produced a CW laser. 

Figure 5.10 shows the mode-locked laser performance at the maximum pump 

power of 99.82 mW. Figure 5.10 (a) displays a broad rectangular spectrum with a shifted 

spectral profile, both of which are characteristic of dark solitons. The sharp spectral 

edges and tail result from the soliton's localized nature, while the shifted spectrum arises 

from the intensity dip of the dark soliton, which corresponds to a shift in the frequency 

domain. In Figure 5.10 (a), a dissipative soliton is demonstrated with two distinct steep-

edged spectra centred at wavelengths of 1529.6 nm and 1531.6 nm, respectively. This 

soliton represents a localized intensity dip within a continuous wave background, 

resulting from the balance of energy gain and loss in a nonlinear system. The interaction 

of dual wavelengths at 1529.6 nm and 1531.6 nm can induce topological defects in the 

temporal domain, leading to the generation of a domain-wall dark soliton train through 

a dissipative four-wave mixing process. In this process, the energy from the two 

dominant frequencies in the laser cavity is converted into higher-order harmonics via 

four-wave mixing. Dark pulses are produced as the phases of the longitudinal modes 

become locked owing to parametric wave mixing. 
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Figure 5.10 Performance of Cr2GaC Dark Pulse Mode-Locked (a) OSA Spectrum (b) 

Pulse Train (c) RF Spectrum 

 

Figure 5.10 (b) showcases the time-domain characteristics of the dark-pulsed 

mode-locked laser, displaying recurring dips against the CW noise background driven 

by the interplay between anomalous dispersion and nonlinear effects. The pulse width 

was measured at 300 ns, with a repetition rate of 1.27 MHz, consistent with the cavity 

length of approximately 157.3 meters. The RF spectrum was analyzed to assess the 

stability of the generated dark-pulsed mode-locked laser. Figure 5.10 (c) shows the 

frequency spectrum throughout 25 MHz, revealing a high signal-to-noise ratio (SNR) 

of 69.30 dB, strongly indicating the excellent stability of dark-pulsed mode-locked 

laser. As the pump power escalates from 83.68 mW to 99.83 mW, the laser continuously 

produces stable pulses, maintaining a constant repetition rate of 1.27 MHz, verifying 

stable mode-locked operation. Figure 5.11 displays the relationship between average 

output power with the pumping strength variation. The pulse power demonstrates a 

consistent and proportional rise from 3.73 mW to 4.56 mW, corresponding to a slope 

efficiency of 5.12%.  
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Figure 5.11 Average Output Power as a Function of Pumping Strength for the 

Cr2GaC-Based Mode-Locked Laser 

 

It is important to note that the dual-peak spectrum was achieved due to the 

enhanced birefringence effect inside the laser cavity after inserting the 150 m long SMF. 

The two lasers, operating at slightly different wavelengths, oscillate simultaneously in 

the cavity, leading to the formation of temporal topological defects. The strong 

birefringence within the cavity increased the gain bandwidth and facilitated cross-phase 

coupling between the two wavelengths, which, as the pump power increased, led to the 

formation of dark soliton pulses. The SA absorbed the high-intensity mode components 

in the cavity, creating competition among the lower-intensity modes. This mode 

competition further triggered dual-wavelength oscillation in the ring cavity. As a result, 

the interaction between the two wavelength oscillations gave rise to stable domain wall 

dark pulses within a pump power range of 83.68 mW to 99.83 mW. However, at pump 

powers exceeding 99.83 mW, the pulses became unstable and diminished due to reduced 

mode competition within the laser cavity, subsequently ceasing the dual-wavelength 

oscillation. It is worth noting that the mode-locked laser with dark pulse output can be 

reproduced with nearly identical performance, as the Cr2GaC film was produced using 

the same procedure. Table 5.3 compares the performance of the dark pulse mode-locked 

EDFL with previous studies utilizing other SAs. Notably, the proposed EDFL operates 

at the shortest wavelength, approximately 1530 nm. Furthermore, the proposed laser 

achieved the highest SNR of 69.3 dB at the fundamental frequency. Based on the 

absorption characteristics of the fabricated film, we believe that Cr2GaC SA can also be 

effective at wavelengths beyond the current configuration, including in the 1 µm and 

2.0 µm regions. It is also worth noting that by manipulating the cavity design, both Q-
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switched and bright pulse mode-locking can be achieved using similar SA devices. 

However, achieving femtosecond-level (fs) mode-locking remains challenging with the 

current saturable absorber. It is believed that femtosecond mode-locked pulses could be 

realized by optimizing the fabrication of Cr2GaC to enhance its saturable absorption 

while also reducing insertion loss. 

 

Table 5-3  

Performance Comparison of the Dark Pulse Mode-Locked EDFL with other Reported 

Studies. 

SA Material Wave-

length 

(nm) 

Rep. 

Rate 

(MHz) 

Pulse 

width 

(ns) 

SNR 

(dB) 

Output 

power 

(mW) 

Ref. 

CNT 1565.58 15.6 NA NA NA (Yang, & 

Zhang, 

2022) 

Polyacrylonitrile 1561 0.99 306 67 13.37 (Zhang, & 

Pan, 2024) 

 MoxW1-xTe2 1563 5.7 NA 66.6 NA  (Zhang,& 

Feng, 

2018) 

Ti2SnC 1559 1.78 261.2 45 3.08 (Zhang, & 

Feng, , 

2014) 

Sc2O3 1597.8 10.42 23 55.6 7.4 (Zhang, & 

Zhou, 

2014) 

Cr2GaC 1530 1.27 300 69.3 4.56 This work 

 

5.7 Chapter summary  

By integrating a Cr₂GaC-based SA into an erbium-doped fiber laser (EDFL) 

cavity, stable Q-switched and mode-locked pulse generation was successfully 
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demonstrated. The SA was fabricated by embedding a MAX-phase Cr₂GaC material 

within a polymer matrix to form a composite thin film, which was then sandwiched 

between two fiber ferrules for seamless integration into the laser cavity. The Cr₂GaC 

SA exhibited a modulation depth of 2.1%, a non-saturable loss of 97.4%, and a 

saturation intensity of 180 MW cm⁻². 

In the Q-switched regime, stable pulse operation was achieved at a central 

wavelength of 1530.6 nm with pump powers ranging from 49.06 to 72.14 mW. The 

maximum repetition rate reached 76.92 kHz, accompanied by a minimum pulse width 

of 5.03 µs and a signal-to-noise ratio (SNR) of 60.14 dB. For mode-locked operation, 

soliton pulses centered at 1558.2 nm were generated using the same Cr₂GaC thin-film 

SA. By extending the EDFL cavity with an additional 100 m of SMF, a long-cavity 

configuration was realized, producing a stable soliton pulse train at a repetition rate of 

1.82 MHz, in good agreement with the calculated cavity length. Mode-locking was 

sustained over a pump-power range of 53.7–95.2 mW, yielding a pulse duration of 3.04 

ps. A maximum pulse energy of 3.74 nJ was obtained at 95.2 mW, while the excellent 

stability of the mode-locked operation was confirmed by a high SNR of 71.7 dB at the 

fundamental frequency. 

Furthermore, dark-pulse generation was successfully demonstrated in a mode-

locked EDFL incorporating the Cr₂GaC SA under net anomalous dispersion by further 

extending the cavity length with 150 m of SMF. Dark-pulse formation arose from the 

combined effects of anomalous dispersion and cavity nonlinearities. A stable dark-pulse 

train was observed over a pump-power range of 83.68–99.83 mW. The laser operated 

at a constant repetition rate of 1.27 MHz, producing dissipative soliton pulses with a 

pulse width of approximately 300 ns and dual steep-edged spectra centered at 1529.6 

nm and 1531.6 nm. At the maximum pump power of 99.83 mW, the average output 

power reached 4.56 mW with a high SNR of 69.30 dB. 

To the best of our knowledge, this work represents the first demonstration of 

dark-pulse mode-locking in an EDFL using a Cr₂GaC transducer. Overall, the results 

highlight Cr₂GaC as a promising and versatile saturable absorber for generating Q-

switched, bright-soliton, and dark-pulse regimes, offering significant potential for 

ultrafast laser applications in optical communications, biomedical diagnostics, and 

advanced material processing. 

Cr2GaC based SA has high minimum pulse width and low maximum pulse width 

compared to other based SA. For bright pulse mode-locking Cr2gac based SA has low 
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pulse width and high pulse energy compared to other based SA as shown in Table 5-4. 

For dark pulse mode-locking Cr2gac based SA has high pulse width. 

 

 

 

 

 

Table 5.4  

Performance Of Difference SA Materials. 

SA 

Material 

Modulation 

Depth (%) 

Pulse  

Width 

Peak 

Power / 

Pulse 

Energy 

Long-term 

Stability / Damage 

Threshold 

Reference 

Graphene Low 

 (< 1%) 

Femtosecond 

to Picosecond 

Low Prone to optical 

damage under high 

pump power 

(Zhang, & 

Qi, 2021) 

TMDs 

(MoS2

/WSe2) 

Moderate (1 

- 5%) 

Picosecond to 

Microsecond 

Moderate Susceptible to 

environmental 

oxidation 

(Zheng, & 

Li, 2023) 

CuAlO2  High 3.17 ps 

(Mode-

locked) / 5.03 

µs (Q-

switched) 

43.55 nJ High stability (SNR 

71.75 dB); robust 

delafossite structure 

prevents 

degradation 

This work 

Cr2GaC  2.10% 3.04 ps 

(Bright) / 

~300 ns 

(Dark) 

3.74 nJ Exceptional (SNR 

71.7 dB); MAX-

phase offers 

superior 

thermal/radiation 

tolerance 

This work 

 

It is worth noting that while alternative architectural geometries—such as linear 

(Fabry-Perot) cavities or figure-of-eight double-loop configurations—can be employed 

to achieve pulsed operation, a unidirectional fiber ring cavity configuration was 
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strategically selected for this work. Linear cavities utilize reflective fiber mirrors or 

fiber Bragg gratings (FBGs) which can induce severe spatial hole burning due to the 

formation of standing-wave patterns in the gain medium, often leading to multi-mode 

instabilities and localized thermal stresses. Figure-of-eight cavities offer high peak 

power handling but introduce extreme complexity in balancing the nonlinear optical 

loop mirror (NOLM) splitting ratios. In contrast, the unidirectional ring cavity design 

effectively completely suppresses spatial hole burning by ensuring traveling-wave 

propagation. This geometry maximizes the interaction length within the Erbium-doped 

fiber, offers flexible insertion of discrete polarization controllers, and minimizes total 

cavity insertion loss. Consequently, this configuration yields the most structurally stable 

and reproducible operating regimes for evaluating the fundamental, unperturbed 

nonlinear performance of the newly introduced CuAlO2 and Cr2GaC saturable 

absorbers.  
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CHAPTER 6  

CONCLUSION 

6.1 Research Outcome 

Passive Q-switched and mode-locked fiber lasers that employ saturable 

absorbers (SAs) have become one of the most effective approaches for generating short 

and ultrashort optical pulses. This technique offers many advantages, including high 

beam quality, compact and alignment-free structure, low cost, and excellent 

compatibility with all-fiber systems. Early developments in SA technology mainly 

relied on organic dyes and semiconductor saturable absorber mirrors (SESAMs). 

Although these materials enabled stable pulse generation, they also introduced 

limitations such as narrow operating bandwidths, complex fabrication, and high cost. 

The rapid progress in graphene-based saturable absorbers has significantly accelerated 

research into new classes of SA materials. Since the successful fabrication and 

demonstration of graphene SAs, there has been growing interest in exploring other 

emerging materials with simpler fabrication routes, broader spectral response, and 

improved durability. In this context, transparent conducting oxides (TCOs) and MAX-

phase materials have attracted increasing attention due to their unique electrical, optical, 

and structural properties. These materials offer the potential for broadband operation, 

high damage thresholds, and strong nonlinear absorption, making them promising 

candidates for next-generation saturable absorbers. 

The exploration of TCOs and MAX-phase materials is expected to open new 

opportunities for advancing pulsed fiber laser technology, particularly in achieving 

stable and efficient Q-switched and mode-locked operation. As introduced in Chapter 

1, the main aim of this research is to fabricate and develop novel SA devices based on 

transparent conducting oxides and MAX-phase materials, and to investigate their 

performance in improving Q-switched and mode-locked operation in an erbium-doped 

fiber laser (EDFL) cavity. To accomplish this aim, three specific research objectives 

have been formulated, which guide the material fabrication, device integration, and 

laser performance evaluation throughout this study. 
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The first objective of this study was to fabricate thin-film saturable absorbers 

based on Copper Aluminium Oxide (CuAlO₂) and Chromium Gallium Carbide (Cr₂GaC) 

using a simple solution-casting technique, with polyvinyl alcohol (PVA) serving as the 

host polymer matrix. PVA was selected because of its good film-forming ability, optical 

transparency, and compatibility with various functional materials. As detailed in Chapter 

3, both SA films were successfully prepared by dispersing CuAlO₂ or Cr₂GaC powder 

into a PVA solution to form a uniform mixture. The solution was then drop-cast onto a 

flat substrate and left to dry under controlled conditions, allowing the solvent to evaporate 

and form a solid composite film. After drying, the resulting thin films exhibited good 

mechanical integrity and optical quality, making them suitable for integration into fiber 

laser systems as SAs. 

The second objective of this research was to characterize the physical and optical 

properties of the fabricated SAs using field-emission scanning electron microscopy 

(FESEM), energy-dispersive X-ray spectroscopy (EDX), and the balanced twin-detector 

technique. These characterizations are essential to verify the structural quality, elemental 

composition, and nonlinear optical behavior of the SAs before their integration into laser 

cavities. An XRD analysis be able to perform on CuAlO2  and not on Cr₂GaC due to 

hardware availability. As described in Chapter 3, physical characterization was first 

carried out for both CuAlO₂- and Cr₂GaC-based SAs. FESEM was used to obtain high-

resolution images of the film surfaces, allowing detailed observation of surface 

morphology and particle distribution within the PVA matrix. The images confirmed that 

the functional particles were successfully embedded in the polymer host with reasonably 

uniform dispersion. In addition, energy-dispersive X-ray spectroscopy (EDX) analysis 

was performed to verify the elemental composition of the films, confirming the presence 

of the constituent elements corresponding to CuAlO₂ and Cr₂GaC. 

The linear and nonlinear optical absorption characteristics of the SAs were then 

investigated, as these parameters are critical for evaluating their suitability for passive Q-

switching and mode-locking. Using the balanced twin-detector technique, the nonlinear 

absorption response of each SA was measured. As reported in Chapter 4, the CuAlO₂-

based SA exhibited a modulation depth of 4.1%, a saturation intensity of 4 kW/cm², and 

a non-saturable loss of 33.5%. Its linear absorption was measured to be 2.11 dB at 

approximately 1560 nm. In Chapter 5, the optical properties of the Cr₂GaC-based SA are 

presented. This SA showed nearly uniform linear absorption of 5.75 dB over the 

wavelength range from 1529.6 nm to 1531.6 nm. Its modulation depth, non-saturable 
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absorption, and saturation intensity were measured as 5.7%, 60.4%, and 100 MW/cm², 

respectively. 

These results confirm that both CuAlO₂ and Cr₂GaC thin films exhibit clear 

intensity-dependent absorption behavior: they strongly absorb light at low intensities and 

become increasingly transparent at higher intensities. This saturable absorption 

characteristic enables effective modulation of intracavity losses, making both materials 

suitable for passive Q-switching and mode-locking in fiber laser systems. 

The third and final objective of this study was to evaluate the performance of the 

fabricated saturable absorber films by demonstrating Q-switched and mode-locked pulse 

generation in an EDFL cavity. Using the CuAlO₂ thin-film SA, stable Q-switched 

operation was obtained over a pump-power range of 132.15 mW to 210.62 mW. With 

increasing pump power, the repetition rate increased from 66.09 kHz to 84.96 kHz, while 

the pulse width decreased from 6.31 μs to 5.03 μs. The laser operated at a central 

wavelength of 1563.3 nm, producing a maximum pulse energy of 43.55 nJ and a slope 

efficiency of 1.95%. For mode-locked operation, a 100 m single-mode fiber (SMF) spool 

was inserted to extend the cavity and enhance nonlinear effects. Self-starting mode-

locking was achieved over a pump range of 141.38 mW to 233.7 mW. At the threshold 

pump power of 141.38 mW, pulses centered at 1560 nm were generated with a repetition 

rate of 1.792 MHz and a pulse duration of 3.17 ps. 

The Cr₂GaC thin-film SA also successfully enabled both Q-switched and mode-

locked operation. In the Q-switched regime, stable pulses were produced at 1530.6 nm 

with pump powers between 49.06 mW and 72.14 mW. The repetition rate reached 76.92 

kHz, accompanied by a minimum pulse width of 5.03 μs and a signal-to-noise ratio (SNR) 

of 60.14 dB. For mode-locking using the Cr₂GaC SA, soliton pulses centered at 1558.2 

nm were generated. By adding 100 m of SMF to form a long-cavity configuration, a stable 

pulse train with a repetition rate of 1.82 MHz was achieved, in good agreement with the 

calculated cavity length. Mode-locking was sustained over a pump-power range of 53.7 

mW to 95.2 mW, producing pulses with a duration of 3.04 ps and a maximum pulse 

energy of 3.74 nJ. Excellent stability was confirmed by a high SNR of 71.7 dB. 

In addition, dark-pulse generation was demonstrated using the Cr₂GaC SA by 

further extending the cavity with 150 m of SMF under net anomalous dispersion. A stable 

dark-pulse train was observed over a pump-power range of 83.68 mW to 99.83 mW. The 

laser operated at a constant repetition rate of 1.27 MHz, generating pulses with widths of 

approximately 300 ns and dual spectral peaks at 1529.6 nm and 1531.6 nm. At the highest 
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pump power of 99.83 mW, the average output power reached 4.56 mW with an SNR of 

69.30 dB. These results clearly demonstrate that both CuAlO₂ and Cr₂GaC are effective 

SAs for Q-switching and mode-locking in EDFLs, highlighting their strong potential for 

applications in ultrafast lasers, nonlinear optics, and advanced photonic systems. 

In summary, all three research objectives were successfully achieved. The 

findings confirm that CuAlO₂ and Cr₂GaC are promising materials for both short- and 

ultrashort-pulse generation. Moreover, the proposed fabrication and integration approach 

is simple and versatile and can be readily extended to fiber lasers operating at other 

wavelengths. 

 

6.2 Recommendation & Limitation of Work 

All of the objectives outlined in this study have been successfully achieved. 

However, there remains significant scope for further investigation of both CuAlO₂ and 

Cr₂GaC materials in Q-switched and mode-locked fiber laser systems. The present work 

is focused on operation in the 1.5-µm region, which corresponds to the emission band of 

erbium-doped fiber lasers (EDFLs) above 1530 nm. In future studies, these saturable 

absorbers could be extended to other rare-earth-doped fiber laser platforms, such as 

ytterbium-doped fiber lasers (YDFLs), neodymium-doped fiber lasers (NDFLs), and 

thulium-doped fiber lasers (TDFLs), which operate in the 1-µm and 2-µm wavelength 

regions. This would allow the broadband capability and versatility of CuAlO₂- and 

Cr₂GaC-based SAs to be more comprehensively evaluated. 

Further work should also focus on enhancing the output performance of the 

developed fiber lasers. Key performance targets include shortening the pulse duration, 

increasing the repetition rate, boosting the average output power, and improving the pulse 

energy. Achieving these improvements may require optimization of several aspects of 

the system, including the choice and length of the gain medium, refinement of the SA 

fabrication process, and careful redesign of the laser cavity to better manage dispersion 

and nonlinearity. 

In this study, thin-film SAs fabricated using the PVA host polymer demonstrated 

effective pulse generation. However, previous work has shown that using 

polydimethylsiloxane (PDMS) as a host matrix can lead to superior performance. For 

example, a CeO₂/PDMS-based SA was reported to produce mode-locked pulses as short 

as 800 fs (Zheng & Zhao,2023). Therefore, future research on CuAlO₂ and Cr₂GaC SAs 
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could explore PDMS as an alternative host polymer to replace PVA. This may improve 

film uniformity, optical damage threshold, and recovery dynamics, potentially enabling 

even shorter pulses and higher-performance pulsed fiber laser operation. While the 

fabricated CuAlO2-PVA and Cr2GaC-PVA thin-film saturable absorbers demonstrated 

excellent, high-purity pulse generation with record-high SNR values, certain operational 

limitations must be acknowledged. First, the optical damage threshold of the SAs is 

fundamentally bounded by the thermal degradation temperature of the Polyvinyl Alcohol 

(PVA) host polymer matrix under high intra-cavity average powers. Second, the solution-

casting fabrication method can introduce minor variations in film thickness, which 

slightly influences local non-saturable losses. To overcome these limitations, future 

research could explore embedding these novel transducers into more thermally resilient 

host materials, such as polyimide, or directly depositing the CuAlO2 and Cr2GaC 

materials onto fiber ferrules via optical deposition or sputtering methods to achieve 

completely polymer-free, high-power laser operation. 
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